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Preface

Through the past 20 years, the framework of Linear Parameter-Varying
(LPV) systems has become a promising system theoretical approach to han-
dle the control of mildly nonlinear and especially position dependent systems
which are common in mechatronic applications and in the process indus-
try. The birth of this system class was initiated by the need of engineers to
achieve better performance for nonlinear and time-varying dynamics, com-
mon in many industrial applications, than what the classical framework of
Linear Time-Invariant (LTT) control can provide. However, it was also a pri-
mary goal to preserve simplicity and “re-use” the powerful LTI results by
extending them to the LPV case. The progress continued according to this
philosophy and LPV control has become a well established field with many
promising applications.

Unfortunately, modeling of LPV systems, especially based on measured
data (which is called system identification) has seen a limited development
since the birth of the framework. Currently this bottleneck of the LPV frame-
work is halting the transfer of the LPV theory into industrial use. Without
good models that fulfill the expectations of the users and without the under-
standing how these models correspond to the dynamics of the application,
it is difficult to design high performance LPV control solutions. This book
aims to bridge the gap between modeling and control by investigating the
fundamental questions of LPV modeling and identification. It explores the
missing details of the LPV system theory that have hindered the formula-
tion of a well established identification framework. By proposing an unified
LPV system theory that is based on a behavioral approach, the concepts of
representations, equivalence transformations, and means to compare model
structures are re-established, giving a solid basis for an identification theory.
It is also explored when and how first-principle nonlinear models can be effi-
ciently converted to LPV descriptions and what are the pitfalls that must be
avoided. Building on well founded system theoretical concepts, the classical
LTI prediction-error framework is extended to the LPV case via the use of
series-expansion representations.



VIII Preface

Beside completing the system theoretical aspects and founding of an LPV
prediction-error framework, the book proposes a novel identification approach
based on orthonormal basis functions, which provides an efficient and easy to
use approach of LPV identification. It has been shown in the LTI case that
decomposing dynamical systems in terms of orthogonal expansions enables
the accurate approximation of the system with a finite length expansion. By
tuning the basis functions to the underlying system characteristics, the rate
of convergence can be drastically decreased. This leads to highly accurate
models (small bias) being represented by a few parameters (small variance),
which in fact can be estimated efficiently via simple linear regression. This
philosophy gives the basic concept of the proposed identification approach,
for which the applicability in practical scenarios is investigated and powerful
algorithms are provided and analyzed.

The work presented here is the result of 5 years of research at the Delft
University of Technology under the supervision of Prof. Paul M.J. Van den
Hof and Peter S.C. Heuberger. Starting with the initial intention to apply
simplicity of orthonormal basis function models to overcome the challenges
of LPV system identification, a long road has led to the theory which is
presented in this book. Walking on this road, many excellent people have
contributed to this work. Especially Prof. Jan C. Willems, at the Catholic
University of Leuven, whose advice and vision about mathematical modeling
helped me to find the right track that lead to the LPV behavioral theory,
that forms the basis of many concepts of this book. Prof. Carsten Scherer,
at the Delft University of Technology, whose advice and extensive knowledge
on LPV systems and control has always helped me to find the missing wheel.
Federico Felici, whose earth-moving questions and discussions made me aware
of missing key points of the LPV system theory. But the main thanks goes to
Prof. Paul M.J. Van den Hof and Peter S.C. Heuberger whose excellent guid-
ance led me through these years, culminating in my Ph.D. thesis [188], which
served as the basis of this book. As co-editors, they also had a significant role
in establishing this book in its current from.

The book is written as a research monograph with a broad scope, trying
to cover the key issues from system theory to modeling and identification.
It is meant to be interesting for both researchers and engineers but also for
graduate students in systems and control who would like to learn about the
LPV framework. It also offers an easy to use guide for engineers about the
off-shelf solutions in LPV modeling and identification.

I hope that you as a reader will enjoy reading it as much as it was fun to
write it.

Delft, December 2009 Roland Téth
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Chapter 1
Introduction

Abstract. In this introductory chapter we give an overview on the origin of linear
parameter-varying (LPV) systems and their role in the control of today’s indus-
trial applications. Beside the history of this framework it is investigated what the
state-of-the-art of LPV systems offers engineers to meet with the increasing expec-
tations towards modern control solutions. We will see that the main bottleneck of
this promising framework is the lack of a well established LPV modeling and iden-
tification theory. To overcome this, the current book sets the goal to explore the
lacking details of the LPV system theory and to establish a solid framework for the
modeling and identification of such systems.

1.1 New Challenges for System Identification

Today, the need to optimize efficiency of plants in terms of performance or energy
consumption and to improve reliability of automatization results in increasing ex-
pectations towards automatic control applications. Engineers working in the control
field have to face challenges in terms of operating industrial process in a more accu-
rate way but at the same time with a lower cost in terms of used energy. For exam-
ple in lithography, moving stages of wafer scanners today require fast and accurate
position tracking with servo error specified in the nanometer scale. In the emerg-
ing alternative energy field, the coupled nonlinear nature of wind turbines and the
rapidly changing conditions of wind and grid load require more efficient and also
easily reconfigurable control solutions. On the other hand, economical efficiency
also drives the control field to replace existing control designs with solutions that
require less sensors or actuators, but still provide the same performance. Like in
the case of induction motors, high performance control based on less built-in sen-
sors, like speed-sensorless drives, has great economical importance. To cope with
these challenges, well applicable theoretical solutions have been developed like op-
timal, robust, and nonlinear (NL) control approaches, trying to refine and extend
the results of linear time-invariant (LTI) control theory, widely used in automatiza-
tion. However to achieve the aimed objectives by these approaches, it is vital that

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 1
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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an accurate, compact, and reliable mathematical description of the actual physical
phenomenon is available.

First principle laws of physics, chemistry, biology etc. are commonly used to
construct a dynamic model of the system of interest. However, such a procedure re-
quires detailed process knowledge from specialists. Often it is a challenge to assem-
ble the existing knowledge into a coherent and compact mathematical description.
Usually, this results in a very complex model of the system dynamics, as it is hard
to decide which effects are relevant and must be included in the final model and
which are negligible. Such an approach is also often found to be very laborious and
expensive. If the specialist’s knowledge is lacking, like in case of poorly understood
systems, the derivation of a model from first principles is even impossible. More-
over, certain quantities, like coefficients, rates, etc. required to build the model are
often unknown, and have to be estimated by performing dedicated experiments.

Descriptions of systems can alternatively be derived by system identification,
where the estimation of a dynamical model is accomplished directly from mea-
sured input-output data. The expert’s knowledge still has a major role, as it gives the
basic source of information that is used in the decision on parametrization, model-
structure selection, experiment design, and the actual way of deriving the estimate.
This knowledge also helps in judging the quality and applicability of the obtained
models. Even if system identification requires human intervention and expert knowl-
edge to arrive at appropriate models, it also gives a general framework in which most
of the steps can be automated, providing a less laborious and cost intensive modeling
process.

Starting from frequency domain approaches in the early 1940s, over the years
considerable attention has been given to the identification of LTI systems, which
have proven their usefulness in many engineering applications. Today LTI system
identification has become a strongly founded framework considering issues of un-
certainty and closed-loop identification with a vast theory on experiment design
(for an overview see [[144]). But the need to operate processes with higher ac-
curacy/efficiency, has soon resulted in the realization that the commonly NL and
time-varying (TV) nature of many physical systems must be handled by the control
designs. This required better models, which initiated a significant research effort
spent on identification and modeling of NL and linear time-varying (LTV) systems
(see [39, about the developed approaches). Despite many theoretical solutions,
dealing with NL models without any structure has been found infeasible in practice
both in terms of identification and control.

Today, engineers working in the industry still prefer the application of LTI
control-designs, due to the attractive approaches of optimal and robust control.
These approaches are preferred as they guarantee high performance and reliabil-
ity, have easy and quick design schemes, and engineers have a vast experience in
their application. Additionally, it has also been observed in practice that many NL
systems can be well approximated by multiple LTI models that describe the behavior
of the plant around some operation points. The recognition manifested in the 1980s,
that instead jumping into the deep-space of NL and TV systems, a model class is
needed which can serve as an extension of the existing LTI control approaches, but
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Fig. 1.1 The mechanism
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is still able to incorporate NL and TV dynamical aspects. This has led to the birth of
linear parameter-varying (LPV) systems through the idea of gain-scheduling [166]].

1.2 The Birth of LPV Systems

In gain-scheduling, the basic concept is to linearize the NL system model at dif-
ferent operating points resulting in a collection of local LTI descriptions of the
plant (see Fig. [[L1). Then, subsequently, LTI controllers are designed for each lo-
cal aspect. These controllers are interpolated to give a global control solution to
the entire operation regime [157]. The used interpolation function is called the
scheduling function in this framework and it is dependent on the current operat-
ing point of the plant. To describe the changes of the operating point, a signal is
introduced, which is called the scheduling signal and often denoted by p. In this
way, the parameters of the resulting controller are dependent on the varying sig-
nal p, hence the name parameter-varying, while the dynamic relation between the
system signals is still linear. Due to many successful applications of this design
methodology 177,228, [179], gain-scheduling has become popular in industrial ap-
plications, even if guarantees for overall stability of the designed LPV controllers
have not been available and the possibility of malfunction has existed. After 20
years, this was resolved by the introduction of interpolation based methods that
guarantee global stability [87]]. In the mean time it was realized that in gen-
eral many NL systems can be converted into an LPV form. Approaches have ap-
peared that provided direct LPV models for gain-scheduling without the laborious
process of NL system modeling or identification [120} [36] [183]. LPV control
has gained momentum during the 1990s, when the first results about the exten-
sion of H.. and H; optimal control through linear matrix inequalities (LMIs) based
optimization appeared (see [160, [6, [133]) together with p-synthesis approaches,
originating from robust LTI control [240]. Contrary to the former gain-scheduling
methods, these approaches guarantee stability, optimal performance, and robust-
ness over the entire operating regime of LPV models. Since then, the LPV field
has evolved rapidly in the last 15 years and has become a promising framework
for modern industrial control with a growing number of applications like aircrafts
[112] 216], re-entry vehicles [212]], automobiles [15], wind turbines [23} [103], in-
duction motors 203]], servo systems [229], wafer steppers [180],
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internet web servers [187]], CD-players and environmental modeling [18].
Unfortunately, LPV system identification and modeling could barely keep up with
the advances of the control field. Only very recently, initiatives have been taken to
explore many open problems and questions in this area.

1.3 The Present State of LPV Identification

In the following, a general picture about the state-of-the-art in LPV system identifi-
cation is presented. Before going into details, we establish the key steps of the clas-
sical identification framework where the specifics of the LPV identification methods
can be positioned and categorized.

1.3.1 The Identification Cycle

Identification of dynamical systems on the basis of experimentally measured data
consists of several design steps, which need careful treatment in order to produce
an acceptable model of the system. These steps are summarized in the so-called
identification cycle presented in Table [Tl This set of steps is referred as a cycle,
due to the fact that several iterations might take place, using the knowledge gathered
in the previous attempts, till the desired model is delivered. In the following a brief
overview of each step is given, based on [103].

1.3.1.1 Experiment Design and Data Preprocessing

Experiment design focuses on the choice of the excitation of the system to be iden-
tified in order to maximize the information content in the measured signals. The de-
sign procedure is commonly accomplished with respect to a selected model class to
minimize the variance, i.e. the estimation error, of the resulting model estimate. One
of the most important problems is how to choose input signals that are persistently
exciting (PE), i.e. they result in output signals which have enough information con-
tent to describe the relevant dynamical relations of the system for estimation with a
given model structure. An equally important notion is the use of adequately exciting
inputs that result in informative data sets which have enough information content
to distinguish between different models in the considered model class. White noise
inputs are in general considered to be optimal, as they excite all frequencies of an
LTI system. As physical actuation by such signals is often infeasible, in practice
random binary noises, frequency sweeps, and multisines are considered. Often it is
also desirable to design excitation signals for a given frequency range related to the
intended application of the identified model. Beside experiment design, data prepro-
cessing is focusing on the attenuation of disturbances, aliasing or other defects in
the measured data.
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Table 1.1 The identification cycle

Step 1. Experiment design, data collection and data manipulation.

Step 2. Selection of model structure (including parametrization).

Step 3. Choice of the identification criterion.

Step 4. Estimation of a model that is optimal with respect to the criterion.
Step 5. Validation of the resulting model estimate.

1.3.1.2 Choice of the Model Structure

The choice of an appropriate model structure is the most crucial part of the iden-
tification cycle. It determines the set in which a suitable description of the system
is searched for. General questions considered in this step are the selection of the
model structure in terms of the representation form (state-space (SS), input-output
(I0), series expansion, etc.), parametrization, and the type of noise modeling. In
terms of the well known bias/variance trade-off, the size of the model set is also
important, like the number of parameters or order of the model structure. To obtain
an adequate choice, the complexity of the algorithm delivering the model estimate
or undesired local solutions of the estimation, non-uniqueness of the optimum, etc.,
also have to be considered.

1.3.1.3 Choice of the Identification Criterion

Selection of the identification criterion, the mathematical formulation of the perfor-
mance measure of the model estimates, defines the user’s purpose or expectation
towards the model of the plant. In the literature, many identification criteria are
presented, but the most commonly applied is the mean-squared error of the output
prediction of the model estimate.

1.3.1.4 Model Estimation

The model estimation phase is the consequence of the previous choices of the iden-
tification cycle. Commonly the algorithmic solution of the estimation problem, de-
fined in terms of the model structure and the identification criterion, is considered
here.

1.3.1.5 Model (In)validation

A crucial question in identification is wether the obtained model is “good enough”
for the intended purpose. Prior knowledge and experimental data are both used to
confront the estimated model for answering this question. By using experimental
data, validation is often accomplished by comparing simulation results of the model
estimates to the measurements or by analyzing the model as a predictor of future
outputs of the system, based on measured past data.
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1.3.2 General Picture of LPV Identification

Next, the LPV identification problem is discussed, defining the notion of LPV sys-
tems and formulating the LPV model structures that are currently used in the lit-
erature. This sets the stage for the introduction of the state-of-the-art identification
approaches.

1.3.2.1 LPV Systems and the Task of Identification

Based on the original gain-scheduling principle, LPV systems are often viewed as
a linear dynamical relation between input signals u and output signals y, where the
relation itself is dependent on an external variable, the so-called scheduling signal
p. This provides the schematic view presented in Fig. The relation can be for-
malized as a convolution in terms of u and p, which reads in discrete time (DT) as

y= Y gip)d u, (1.1)
=0

where q denotes the forward time shift operator, i.e. qu(k) = u(k+i) and q 'u(k) =
u(k—1i),u:7Z — R" is the DT input, y : Z — R" is the DT output, and p : Z — P
is the DT scheduling signal of the system with a scheduling space P C R"P often
considered to be compact. The coefficients g; of (IT)) are functions of the scheduling
variable and they define the varying linear dynamical relation between u and y. If the
functions g; are considered to be dependent only on the instantaneous value of the
scheduling signal, i.e. g; : P — R"¥*"U_ then their functional dependence is called
static. This means that (I.I)) has the form

y(k) = go(p(k))u(k) + g1 (p(k))u(k—1) +... (1.2)

If the coefficients g; also depend on the time-shifted versions of p, for instance if

(@1 is
y(k) = go(p(k),p(k —1))u(k) +gi(p(k),p(k — 1), p(k —=2))u(k = 1) +... (1.3)

then the functional dependence of g; is called dynamic. An important property of
LPV systems is that for a constant scheduling signal, i.e. p(k) = p for all k € Z,
(IJD is equal to a convolution describing an LTI system as each g;(p) is constant.
Thus, LPV systems can be seen to be similar to LTT systems, but their signal behav-
ior is different due to the variation of the g; parameters. Note that in the literature
there are many formal definitions of LPV systems, commonly based on particular
model structures with specific parameterizations. The convolution form (L.I)) can be
seen as their generalization. In identification, we aim to estimate a dynamical model
of the system based on measured data, which corresponds to the estimation of the
coefficients g; in (LI). Contrary to the LTI case where g; € R, here g; are func-
tions that depend on p, which makes their estimation to be a challenging task. This
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Fig. 1.2 Input-output signal Parameter
flow of LPV systems. variation

Linearity > LPV

estimation is formalized in terms of a model structure, an abstraction of (I.I)), and
an identification criterion.

1.3.2.2 Input-Output Representations

One particular type of model structure, which is used in some LPV identification
approaches, originates from the 10 type of representation of the data generating
system in the LTI prediction-error setting. These LPV-1O representations are com-
monly defined in a filter form

na ) ny )
y=—>ai(p)q 'y+ > bj(p)q u+e, (1.4)
i=1 j=0

where e is a noise process, n, > ny, and the coefficients {a;}7*, and {b,-};io are
functions of p with static dependence. It is commonly assumed that e is a zero-
mean white noise. Alternatively (I.4) can be separated to a process and a noise part

by y = y+v where

na ) ny )
y=—2ai(p)a ¥+ X bj(p)a 'u, (1.52)
i=1 j=0
na )
v:—Za,‘(p)qf’v—&—e. (1.5b)

LPV-10 model structures are formulated based on (I.3a'b) by parametrization of the
coefficient functions in the process and noise part respectively (e.g. see (I.9)).

1.3.2.3 State-Space Representations

Another type of model structure is inspired by the classical SS representation based
LTI models. The so-called LPV-SS representations of the data generating system
are often given with an “innovation” type of noise model:

qx = A(p)x+B(p)u+Ei(p)e, (1.6a)
y = C(p)x+D(p)u+Ex(p)e, (1.6b)
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Fig. 1.3 Input-output signal
flow of LFR models.

A(p)
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where x : Z — R is the state-variable, e is a vector of independent zero-mean white
noise processes, and (A, B,C,D, E, E,) are matrix functions with static dependence
on p. It is commonly assumed that the noise part is not dependent on p, i.e. E| and
E, are constants, or E; = I and E, = I. However there are recent initiatives with
p-dependent noise representations. Additionally, the matrices are often considered
with linear dependence. In case of A, such a dependence is defined as

np
A(p) =Ao+ Y, Aipr, (1.7)
=1

where A; e R™ " and p=[p1 ... pnp ] 7. This type of dependence is called affine,
and used as a core assumption in many LPV control-design approaches.

Alternatively, the process part of (I.6adb) is considered in an equivalent linear
fractional representation (LFR), which originates from the robust control inspired
L-synthesis approaches. In this formalization, the scheduling dependence is ex-
tracted into a feedback gain, while the remaining part of the system is formulated
as a LTI system (see Fig.[[.3]for an upper LFR form). This formulation is described
mathematically as:

qx A1 Bl Bz X
w|=|C D1 Dn||z|, z=A(p)w (1.8)
y C Dy Dy |u

where w and z are auxiliary variables and {A,...,Dy;} are constant matrices, while

A is a function of p with linear static dependence. An equivalent SS realization of
(3) is defined as

A(p) = A +BiA(p) (I-DiA(p)~ €,
B(p) = By +B1A(p) (I—DnA(p)) ' Dia,
C(p) = C2+ Dy A(p) (I-DiA(p) ' €y,
D(p) = Dy + Dy A(p) (I—DiA(p)) ' Dia,

if the matrix function I — D1 A(p) is invertible. If D = O then the resulting state-
space matrices have linear dependence on p otherwise they can be polynomial or
rational functions of p.
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1.3.3 LPV-10 Representation Based Methods

The existing LPV identification approaches are almost exclusively formulated in
discrete-time, they assume static dependence, and they are mainly characterized by
the type of the used model structures. As a consequence, the identification methods
of the LPV field are typically categorized as either LPV-IO or LPV-SS represen-
tations based methods. The resulting categories together with their main proper-
ties are investigated in the following sections. First we treat LPV-IO approaches
which extend the results of LTI prediction-error identification. A common feature
of these methods is that the approaches are derived by focusing on the single-input
single-output (SISO) case, i.e. when ny = nyy = 1. The following subcategories are
distinguished:

1.3.3.1 Interpolation Approaches

Methods that fall into this category apply the classical gain-scheduling concept:
identification of the system for constant scheduling trajectories and interpolation of
the resulting, so-called “frozen” models. These methods build on the well-worked
out LTT prediction-error framework to achieve high quality estimates of the frozen
aspects of the LPV system even in a closed-loop identification setting. Interpolation
of the frozen models in an IO from is accomplished in various ways, like on the
outputs of the local models [242]], or on the inputs [241]], or directly on the coeffi-
cients [27]]. All these interpolation forms result in different global models. A
common feature of these approaches is that the interpolation is applied in an ad-
hoc manner, most commonly using a polynomial or a spline approach, and that the
methods show close relation with the local-linear-modeling framework [121] and
with various multiple model approaches as well (see Sec.[[.3.4.3)).

1.3.3.2 Linear Regression Methods

These methods use the LPV-10 model structure resulting from a specific parametriza-
tion of the coefficients of (I.4). The corresponding structure is an aufo-regressive
model with exogenous input (ARX), well known in the LTI identification frame-
work. However, in the LPV case, the coefficients are functions of a varying p. Ad-
ditionally, the approaches use a linear parametrization of {a;};*, and {b j};fb:() with
polynomial scheduling dependence. In case of np = 1, this reads for g; as

ai(p) =an+ Y, ayp', (1.9)
=1

where a; € R. As the resulting model is linear-in-the-parameters, the estimation
of {a;} and {b;} can be obtained by linear regression (see [226] (12, [T10)).
In analogy, recursive least-squares or instrumental-variable methods can be applied
to refine the estimate, building on the concepts of the LTI prediction-error identifi-
cation framework (see 37, [13]]). In [28]] a closed-loop method is proposed for the
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estimation of LPV-ARX models by trying to directly apply the so-called param-
eter adaptation algorithm originating form the LTI case [93]]. Extending the LTI
concepts, some conditions of persistency of excitation for LPV-ARX models are
derived in [226] and [13]. In [200] a statistical coefficient shrinkage method has
been applied as well to assist selection of model order and required scheduling de-
pendence in the parametrization of a;(p) and b;(p).

Due to an interest in specific applications, like environmental modeling, to iden-
tify LPV-IO models under heavy noise conditions, instrumental variable methods
have been recently introduced for the estimation of LPV-IO models with output-
error (OE) and Box-Jenkins (BJ) [94] type of noise models. However, the clas-
sical nonlinear optimization approaches used in the LTI case to identify OE, BJ, etc.
models have not been extended to the LPV case yet.

1.3.3.3 Set Membership Approaches

Set membership methods have been studied for the identification of LPV-IO models
as well. Particular feature of these approaches is that the noise in the measured
data is treated as deterministic uncertainty and, instead of a direct estimate of the
parameters, a feasible parameter set is calculated. This feasible set represents the
set of possible parameter values which satisfy the data equation (I.4) under a prior
assumed error bound &, where ||e|| < 8, in terms of a given measure ||.||. A direct
parameter estimate is often obtained by calculating the mean of the feasible set. In
[19], identification of LPV finite impulse response (FIR) models, finite truncation
of (LI, has been studied by this methodology, where the expansion coefficients g;
were assumed to be nonlinear functions of a multi-dimensional p. Optimal worst-
case experiment design has also been addressed in this context. In [38]], this concept
has been extended to general LPV-10 models in the form of (I.4). Opposite to [19],
the calculation of the feasible parameter set in this case results in a non-convex
optimization which is overcome by a polytopic outer approximation.

1.3.3.4 Nonlinear Optimization Methods

In this branch of 10 approaches, the coefficients {a;} and {b;} of the LPV-IO model
(L4) are estimated by using nonlinear optimization to minimize the mean-squared
prediction error. The aim is to give better estimates than the linear regression meth-
ods. In some approaches this is achieved by using a nonlinear parametrization

ai(p) = aio +anz, (1.10)

where ajp,a;; € R and z is the output of a feed-forward hidden layer neural net-
work with inputs {y,q"y,...}, {u,q 'u,...}, and {p,q " 'p,...}. The estimation is
accomplished via either a mixed linear/nonlinear procedure or by a separable least-
squares approach. In the former case, the functional dependencies of the coefficients
are identified through a neural-network approach while the linear part of the model
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is estimated by linear regression [150, [T48]). The approach is developed further
in [151]], using a separable least-squares strategy.

In [73], the estimation of LPV-ARX models is reformulated by applying a non-
parametric method for the consistent estimation of the coefficient functions a;(p)
and b;(p) resulting in a convex optimization. This method uses a dispersion func-
tion approach, originating from the machine-learning field, in order to learn the
functional dependence of the coefficients in terms of piece-wise linear functions.

1.3.4 LPV-SS Representation Based Methods

Other type of approaches use the LPV-SS representation (L6a-b) or its LFR equiva-
lent (I.8) as a model structure by considering specific parametrization of the system
matrices. In applications, these approaches are generally more appreciated, as LPV
control theory requires a state-space representation and most of the LPV-SS iden-
tification methods can also easily handle MIMO plants. The methods of LPV-SS
approaches fall into the following sub-categories:

1.3.4.1 Gradient Methods

These approaches formulate the estimation of the parameter-varying SS matrices
as a NL optimization problem solved via gradient-search-based algorithms. Due
to the nature of gradient-search optimization, the resulting estimate is often a lo-
cally optimal solution of the involved cost function. In [96] and [97], an LFR type
of SS model structure is used where the scheduling dependence is extracted as
A(p) = Diag(Ip1,...,Ipy,). The estimation of the linear part is formulated as a NL
optimization, which is solved in an iterative scheme based on the gradients of the
mean-squared output error. In every step of the estimation, the system matrices can
be estimated in a different state basis, i.e. a family of matrix estimates can be given
which are all related by state transformations. To eliminate the non-uniqueness of
the estimation, in each iteration step, the matrix estimates are restricted to a spe-
cific structure. Identifiability issues of such LFR structures are investigated in [98]].
Other methods have been developed which apply the same methodology, but on
the LPV-SS form (L.6a-b) with radial-basis functions based scheduling dependence
[215] 214]. In this parametrization, the matrices are formulated as

A(p) =Ao+ Y, ai(p)A; (1.11)
=0

where A; € R"™**"% and each g, : P — [0, 1] is a radial basis function.

In [91]), the LPV state-space model (I.6al-b) with affine dependence is formulated
as recurrent neural-network model. Estimation of the associated activation functions
and system matrices is performed by training the network on measured data sets,
similar to the neural network approaches in NL system identification [58].
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1.3.4.2 Full-Measurement Approaches

These methods assume that the state x of the LPV-SS model, considered in the LFR
form (L.8), is measurable. In this setting, under the assumption of linear dependence:
A(p) =Diag(Ip1,...,Ipsp) and Di; =0, the estimation problem reduces to a linear
regression. In [124]], the one-dimensional case of this approach has been treated,
assuming a white noise scheduling signal and using recursive least-squares to obtain
the estimate. Conservative conditions for persistency of excitation have also been
derived. In the robust extension of the method has been worked out, while
in and the approach has been generalized to LFR structures with more
complicated scheduling dependencies. In the latter case, instead of the state, the w
and z signals in (.8)) are assumed to be measurable.

1.3.4.3 Multiple-Model Methods

These methods apply the classical gain-scheduling concept of identification simi-
lar to the interpolation approaches of the 10 case (see Sec. [[.3.3.1). However in
this case, interpolation is accomplished via a state-space representation usually in a
rather intuitive manner. In some methods, the identified frozen LTI models are trans-
formed into canonical SS forms [224, 204, 237, or internally balanced modal
form [[108] to perform interpolation on P. Some of the methods also apply model
reduction independently on the obtained LTI models before interpolation [108|
or they use LTI discretization [224, [180]. In other approaches, interpolation is ac-
complished via pole locations [136]]. As issues of noise and parametrization are dealt
with in a local sense, i.e. by the applied LTI identification, these approaches focus
on the question: how to accomplish interpolation in a more efficient sense. These
approaches closely relate to the local-linear-modeling framework [121]].

1.3.4.4 Set-Membership Approaches

Set-membership based identification of LPV-SS models has been first considered
in using a LFR form with a linear dependence: A(p) = Diag(Ipy,...,Ipn;)
and D1 = 0. The noise/disturbance v of the system is assumed to be output additive
with a moving average structure

n
v=> Eqe, (1.12)
i=0

where E; € R"V*" and e is a {. sequence. This noise model, i.e. each E;, is assumed
to be known. In order to describe inconsistency with the measured data (error which
cannot be explained by the LPV model nor the assumed noise model), an uncertainty
block (extra A-block) is introduced. Under these assumptions and given bounds on
|le]| and the uncertainty, the estimation problem of the LTI part is formulated as
a LMIs-based optimization to derive a feasible set of parameter estimates. Based
on a similar mechanism, validation of a LFR model with a linearly parameterized
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dependence can be formulated as a LMI feasibility problem if norm bounds and
structural properties of the noise are known. In [24] this approach is reformulated to
also compute directly the required bounds on ||v||> and on the uncertainty block in
order to satisfy the data equations. Under structural simplifications of the LFR form,
the resulting optimization is formulated as a bilinear matrix inequality, loosing the
computationally attractive property of the previous approach. It is common to these
approaches that it is not understood how the conservatism of the used assumptions
effect the validity of the calculated models.

1.3.4.5 Global Subspace Techniques

The family of these methods builds strongly on the concepts of the LTI subspace
identification (see [103]), especially using the formulation of the multivariable
output-error state-space (MOESP) algorithm (see [221}, 220]). During the estima-
tion process, a generalized data equation of the LPV-SS model (I.64) is formulated
to obtain both an estimate of the state evolution and the state-space matrices. In
most methods, E; and E, are considered to be constant. The estimation is based
on a discrete-time state-observability matrix of (L6a-b) that is reconstructed from
the measured data using a similar mechanism as in the MOESP algorithm. This
identification strategy also enables the estimation of the system order, similar to the
LTI case. Other similarities of the LPV subspace approaches are the assumption of
affine scheduling dependence (see (I.7)) and the resemblance with bilinear system-
identification methods.

e The early approaches used certain approximations during the reconstruction of
the state, possibly leading to biased estimates [219, [217]]. The computational
load of these methods turned out to be rather demanding in practice, as matrix
dimensions quickly explode with an increasing number of scheduling variables
and block dimensions. This has been the reason why the kernel-method-based
modification has been proposed in to regulate the computational load.

e To overcome the resulting bias, non-approximative methods have been derived
by restricting the variation of the scheduling signals in the measured data to be
periodic [53}[52]] or piece-wise constant [207]. While the former method is sim-
ilar to periodic LTV identification like in and [104]], the latter approach
extends the approximative method of [218]. For these special scheduling signals,
it is possible to find parameter-varying state-transformations such that the states
in the subspace calculation are at the same basis at every time instant. Thus, no
approximation is needed for the state-reconstruction in the noiseless case. How-
ever, the identifiability of SS models is not well understood with such a restricted
class of scheduling signals and as a consequence numerical problems may result
during the estimation.

e In the recent generation of LPV subspace methods, worked out in
[209], the predictor-based subspace identification approach, proposed origi-
nally in the LTI case 140, is used to tackle the estimation problem of (L.6a-
b). First the IO behavior of the LPV system is estimated in terms of Markov
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parameters by using a high-order LPV-ARX model structure. Based on the fact
that this estimated sequence of Markov parameters can be written as a product of
the state sequence and the state-observability matrix, a singular value decompo-
sition (SVD) is applied to estimate the state sequence. Consequently, the system
matrices related to the affine parametrization are calculated via linear regression.
In order to handle the high matrix dimensions in a computationally feasible man-
ner, a kernel-based regularization approach is used [210, [206]. In case of small
scale systems, this results in an attractive estimation scheme with negligible re-
strictions compared to earlier subspace approaches. An interesting property of the
approach is that the so-called past window (the length of the estimated Markov
sequence) plays as a trade-off between bias and variance of the estimates. Due to
the quickly exploding number of estimated parameters, commonly a very small
past window is preferred, contrary to the original subspace concept [206].

e In LPV-SS models (I.6al-b) with affine dependence are formulated as LTI
models by assuming white noise p, independent white noise «, and independent
noise signals e; and e; in (L6al-b). The estimation is solved as a bilinear identifi-
cation problem via a Picard type of iterative scheme. In this approach, the state is
reconstructed by a Kalman filter at each time instant, where the filter is based on
the model obtained in the previous time steps. The disadvantage of the method is
that it only provides a meaningful estimate in case the white noise assumptions
of u and p are satisfied, which is hard to verify in practice. In this approach
has been modified to handle non-white noise scheduling sequences by extending
the data equation used in the first iteration. Even if this modification does not
provide an unbiased estimate in case of a colored p, it attenuates the possible
bias or convergence problems.

1.3.4.6 Observer-Based Grey-Box Techniques

These approaches like [53, [54] 3], formulate the LPV identification problem as a
parameter estimation of a known NL model structure. In that case, it is possible
to use an adaptive observer to find the unknown parameters of the model based on
measured data. The used observer is commonly an extended Kalman filter, which is
applied on the augmented form of the NL model, where the state is extended with
unknown parameters as variables. If the estimation has converged, then the obtained
NL model is processed further, using the gain-scheduling approach to derive a LPV-
SS form with affine coefficient dependence [3].

1.3.5 Similarity to Other System Classes

LPV systems are often considered to be similar in some aspects to other system
classes. It has already been mentioned that LPV subspace techniques were inspired
by the identification approaches of bilinear systems. These systems can be consid-
ered as LPV systems where p is equal to the input of the system and the system
dynamics depend linearly on p.
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LPV systems can also be seen as the extension of LTV systems. By restricting the
coefficients of an LPV system to depend on a fixed linear trajectory of time, instead
on a priori unknown trajectory of the scheduling variable, an LTV system results.
Due to the structural similarity, many LPV approaches have been inspired by ideas
of the LTV framework (IO methods, periodic identification) which do not exploit
the priori known linear variation of the time trajectory.

In the fuzzy framework, Taukagi-Sugeno (TS) dynamic fuzzy models with linear
signal relations are often considered as LPV systems [86]. However, due to the if-
then structure of the fuzzy rules, commonly LPV control cannot be applied on such
systems and due to other structural differences such an equality of TS and LPV
systems is dubious in the general sense. Thus, in the following, TS dynamic fuzzy
models are treated as non-LPV systems.

1.4 Challenges and Open Problems

In the previous part we have seen that a wide variety of identification methods is
available, approaching the underlying LPV identification problem (see Sect.
from different viewpoints. Many of these approaches are built around an assumed
model structure and focusing only on the estimation task, which is just one step
of the classical identification cycle. Due to these and many other issues, several
challenges and open problems exist, that deserve further investigation. The most
crucial questions are collected into the following list:

e The current methods use different identification settings, model structures, and
even different views about what an LPV system is. So it is an obvious question
how these concepts and ideas can be brought to a common ground, where they
can be analyzed, compared, and refined.

e Often, the validity of the used identification concepts is not investigated. For
example in prediction-error methods, like the least-squares LPV-IO methods,
the formulation of the predictor, or even the description and analysis of the as-
sumed noise structure is often omitted. Except for some recent contributions like
[94. 34, 200], many approaches use linear regression as an optimization tool in-
stead of estimation in a stochastic sense. How to formulate the prediction-error
setting in the LPV case and how to derive well-founded identification approaches
that dwell on the concepts of the classical framework remain questions to be in-
vestigated.

e In the SS variants of identification methods, based on the gain-scheduling princi-
ple, state-transformations are applied independently on each LTI-SS model esti-
mate. For example, the frozen models are transformed to a canonical or balanced
form and then they are interpolated. However, such transformed models do not
have a common state, making the results of interpolation unpredictable [189].
Similarly, the problem of local transformations applies when model reduction
is used independently on the frozen models or if the interpolation is based only
on their pole locations. Unexpected problems can also occur in the interpolation
process if the McMillan degree of the local models changes at some interpolation
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points. Thus it is also important to investigate how the gain-scheduling principle
can be used in identification such that the interpolation is well structured and
issues of local transformations do not apply.

Many LPV identification approaches, especially sub-space and gradient-search
methods, have a significant computational load which renders their practical use
to be quite limited in case of large scale systems. Therefore, it is important to
develop approaches that solve the estimation problem efficiently and which are
less effected by the curse of dimensionality.

Except for some recent preliminary approaches like [73, 200], the selection of
model structure, including parametrization, is often entirely skipped. The way
how possible first-principle knowledge about the data-generating system is trans-
formed to a discrete-time LPV form to assist at least the order selection is
generally ad-hoc. The main reasons are the absence of sound results on LPV
discretization theory or on the conversion of NL differential equations to LPV
representations.

The cardinal question, concerning the choice of the scheduling variable for a
given physical system is commonly not investigated. As the entire dynamics of
LPV systems depends on this variable, its choice should be part of model struc-
ture selection. This also implies the question when a given NL system can be
efficiently described by a LPV model.

In LTV system theory, it has been shown in discrete-time that equivalence trans-
formations between SS and IO models result in coefficients that are constructed
from time-shifted versions of the original coefficients [63]]. If this is true for LTV
systems, which can be considered as a special cases of LPV systems, may the
same phenomenon hold in the LPV case? This would suggest that equivalent
models in different representation forms depend on the time-shifted versions of
the scheduling, which is called dynamic dependence.

In LPV identification, many approaches build upon the assumption that LPV-
SS and 10 models with static dependence are equivalent representations of the
same system. If in terms of the previous phenomenon, equivalence relations, like
state-transformations and IO realization, result in dynamic dependence, then it
becomes a cardinal question how this phenomenon effects the basic view of LPV
identification and the validity of the used approaches and results.

In view of the previous observation, further questions arise about how to define
LPV systems, what kind of representations these systems have, what the equiva-
lence relations are between these representations and how they correspond to the
previously used concepts of LPV system theory. Answers to these questions are
required to understand what LPV models correspond to, how they are related,
what is the restriction of specific parameterizations and how the identification
approaches can be compared.

As LPV control is based on LPV-SS models it is also a question how to convert
the model estimates to equivalent forms on which LPV control can be applied
directly.

Beside these issues, it is a general feature of the LPV field that many approaches
try to build intuitively on the concepts of the LTI theory, often assuming that
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time-varying filters commute. However, is it true that relations of the LTI frame-
work apply directly to the LPV case? If not, then what are the merits of using the
LTI concepts?

Observing these questions and problems we can conclude that, even though many
LPV identification approaches have been considered in the literature, there is still
a need for a mature modeling framework which can support LPV control synthesis
and practical use of the developed models. By building on the previous results, it is
necessary to establish a well-posed identification setting of LPV systems in terms of
addressing the LPV identification problem in a general well-founded sense, paying
attention to restrictions of the applied model structures and noise considerations,
exploring the yet unknown relations of the LPV system theory, and investigating the
identification cycle in full scope.

1.5 Perspectives of Orthonormal Basis Function Models

In view of the previous observations, a central problem of the LPV field is the ab-
sence of a model structure which has good representation capabilities with a limited
number of parameters, useful for control, and its identification represents a low com-
plexity problem. The latter means for example that the model structure is either well
applicable in a gain-scheduling type of approach, i.e. it is easily interpolatable with-
out the need of local transformations, or its estimation is available through linear
regression.

1.5.1 The Gain-Scheduling Perspective

From the gain-scheduling perspective, orthonormal basis functions (OBF)s-based
model representations offer an easily interpolatable structure with a well worked-out
theory in the context of LTI system approximation and identification [74]]. The basis
functions, that provide bases for the space H, (Hilbert space of complex functions
that are squared integrable on the unit circle), are generated by a cascaded network
of stable all-pass filters, whose pole locations represent the prior knowledge about
the system at hand. This approach characterizes the transfer function of a proper
SISO LTI system as

F(z) =Y wioi(z), (1.13)
i=0

where {w;}77, is the set of constant coefficients and @,, = {¢;};~, with ¢p =1
represents the sequence of OBFs. This implies that every transfer function F;(z)
that corresponds to (II) for constant scheduling p(k) = p can be represented as
a linear combination of a given @,,. In LTI identification, only a finite number of
terms in (I.13) is used, like in FIR models. In contrast with FIR structures, the
OBF parametrization can achieve almost zero modeling error with a relatively small
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number of parameters, due to the infinite impulse-response characteristics of the
basis functions. In this way, it is generally possible to find a finite @, C @, with
a relatively small number of functions n € N, such that the representation error for
all F,(z) is negligible. Then, based on experiments with constant p, frozen aspects
of (II) can be identified in the form (T.13) with finitely many terms, resulting in
a set of local basis coefficients. Due to the linearity of (I.13) in these coefficients,
model interpolation can easily be accomplished on the scheduling space P without
the need of any local transformations, resulting in the LPV model:

y= > w(p)i(q)u. (1.14)
i=0

This type of interpolation would also be well structured against local changes of the
McMillan degree as the coefficients in (II3) are not related directly to the order
of the system. By using SS realizations of the basis functions {¢;}" in (L14)
a direct LPV-SS or LFR realization of this model is available, which means that
model estimates can be directly used for control.

1.5.2 The Global Identification Perspective

OBF-based model structures have many attractive properties in the LTI case. In
the prediction-error framework, they can be considered with an output-error type
of noise model. The resulting model structure has a linear-in-the-parameter prop-
erty, which implies that its estimation is available through linear regression. OBF
models generally need less parameters than FIR models with similar properties.
Non-asymptotic variance and bias bounds of the estimates are also available. These
fruitful properties imply that direct identification of LPV systems may be beneficial
in terms of the model structure (I.14) used in a prediction-error setting. In such a
setting, parameterizing the coefficients as

Ty
wi(p) =Y, Ouwu(p), (1.15)
=0

where 6;; € R and {yj;; } are prior chosen functions of p, would yield that estimation
[=0,...,ny . . .. . . . .
of {6}, is possible via linear regression using experimental data with vary-

ool

ing p. However, for the investigation of this approach, first an LPV prediction-error
framework needs to be established.

1.5.3 Approximation via OBF Structures

In it has been proved that model structures composed from a OBF filter bank
followed by a static nonlinearity are general approximators of nonlinear systems
with fading memory (NL dynamic systems with convolution representation). This
means that a wide class of nonlinear systems can be identified with such OBF model
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structures with arbitrary precision. It is obvious that (I.14) is similar to these gen-
eral approximators, which means that, if the same property can be shown for the
LPV case, then these models have a wide representation capability of LPV systems.
Based on the general approximator property and the attractive identification proper-
ties of OBF models, successful identification approaches based on these structures
have been introduced in the NL and the fuzzy field (see [63}[159]). These methods
provide low complexity and reliable estimates for the considered classes of systems,
giving the hope that similar mechanisms could also be successfully applied in the
LPV case.

It is well known in the LTI case that the approximation error, i.e. the resulting
bias of the model estimate directly depends on how well the chosen basis functions
@, can represent the dynamics of the system. In terms of gain-scheduling, this refers
to the size of the representation error of @, with respect to each F;,. This refers back
to the observation that model structure selection has a prime importance in the LPV
case, and as for other type of LPV models, this choice influences the achievable
maximal accuracy of the estimates.

In conclusion, the above discussed perspectives yield the observation that iden-
tification of LPV systems with OBF models like (I.I4) could provide answers to
some current challenges of the LPV identification field.

1.6 The Goal of the Book

In this chapter it has been shown that there are many open issues and unresolved
problems/questions in the area of LPV modeling and identification. Based on this
observation, we aim to develop an identification framework in this book where rela-
tions of model structures and the concept of estimation can be understood. In fact we
intend to extend the prediction-error framework to the LPV case and investigate how
we cab benefit from the classical results. Additionally, we also intend to develop an
effective LPV identification mechanism, based on the promising properties of OBF
expansion models, that overcomes the drawbacks of the existing state-of-the-art so-
lutions (see Sect. [[.4).

However, it has been revealed in the previous section that the main obstacle in
the formulation of such an identification framework originates from the gaps of LPV
system theory. To fill these gaps and give a unified system theoretical framework in
the LPV case, which enables the investigation and comparison of model structures
and also provides an algebraic tool for manipulations on them, a new system theo-
retical framework, which is based on the extension of the LTI behavioral approach
[146]], is worked out in the first part of the book.

In the sequel we present a theory with new ideas of LPV behaviors, modeling,
and identification methods, that have appealing properties and can be applied suc-
cessfully to fulfill the aimed objectives. Due to the vast number of problems this
book addresses, we also leave many open ends and questions for future research.
The exploration of all issues of the LPV identification cycle of general physical sys-
tems remains a problem, but the use of orthonormal basis functions, the behavioral
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theory, and the proposed prediction-error identification framework open interest-
ing and promising perspectives to approach the identification of this system class
efficiently.

1.7 Overview of Contents

First we start our investigations by introducing in Chap. [2] some basic concepts
of system identification with important mathematical and system theoretical tools
which are used in the remainder.

In Chap. 8l we introduce an LPV behavioral approach that establishes a unified
system theoretical framework. In this framework it becomes possible to understand
relations of LPV models and the behavioral approach also gives the basic tool to
introduce OBFs-based LPV model parameterizations later on.

In Chap.[d we explore LPV-SS canonical forms and equivalence transformations
between different representations of LPV systems. The discovered relations provide
the tools to analyze and compare LPV model structures.

In Chap.[J]the representation of LPV systems by OBF-based series-expansions is
investigated. It is shown that finite truncations of these representations can be used
as model structures for LPV system identification. Such structures also have wide
approximation capabilities.

Discretization of LPV systems is reviewed in Chap. [6l New discretization ap-
proaches are introduced together with criteria to choose the discretization step size.

In Chap. [7] the modeling of NL systems in a LPV form is investigated and the
available solutions for this problem are studied. Using the framework of the LPV
behavioral approach, a new mechanism is introduced that solves the LPV model-
ing issue of such systems. This approach together with the discretization methods
of Chap.|@] are developed with the intention to assist the model-structure selection
phase of the identification cycle based on first principle knowledge.

In Chap. [§ the basis-selection problem of OBFs-based LPV model structures is
considered. The method is based on the clustering of sample poles that result from
identification of the system with constant scheduling signals. The effect of noise on
identification is also considered and a robust basis-selection procedure is developed
based on hyperbolic-geometry results.

In Chap. 9] the extension of the LTI OBFs-based identification approach to the
LPV case is developed, relying heavily on the tools derived in the previous chap-
ters. The prediction-error framework for the LPV case is established and the model
structures of the current approaches are analyzed. Two identification approaches, a
global and a local one, are formulated with static dependence of the coefficients.
The former approach utilizes the gain-scheduling-based interpolation concept while
the latter yields a global estimate based on linear regression. To overcome the
limiting assumption of static dependence needed for the parametrization of these
approaches, two alternative OBFs-based model structures are worked out. These
structures enable the approximation of dynamic dependence of the coefficients
through a feedback with only static dependence. An identification approach of such
feedback structures is derived through a separable least-squares strategy.



Chapter 2
LTI System Identification and the Role of OBF's

Abstract. This chapter is devoted to the introduction of basic concepts that are fun-
damental for the theory developed in the subsequent chapters. The notion of or-
thonormal basis functions (OBFs) is introduced with a brief overview of the most
important relations and properties. Next, the basic concepts and theory of LTI sys-
tem identification are reviewed focusing on prediction-error methods. OBFs related
parameterizations and the associated identification approaches are also introduced
together with the optimality concept of OBF model structures in terms of the Kol-
mogorov n-width theory.

2.1 The Concept of Orthonormal Basis Functions

In LTT system theory, it is common to represent transfer functions of dynamical
systems in a series-expansion form. The most simplest of these expansions is the
Laurent expansion. Consider a discrete time LTI system F with input u : Z — R"U
and output signal y : Z — R"¥. Denote the transfer function of F as F(z) : C —
C"v>mu, Let (u,y) be valid signal trajectories of F with left compact support and
denote the Z-transform of u and y by Yiz) = Z{y} and U(z) = Z{u} defined on
their appropriate region of convergencd!l (ROC) with z € C called the Z-variable.
Then F satisfies that

Y(z) =F(2)U(z), (2.1

for any z in the intersection of the ROC of Y (z) and U(z). Substitution of z in F(z)
by €l gives the frequency response of the discrete-time system for o € (-7, 7).
Assume that F is stable, so the domain of F'(z) is the exterior of the unit circle. Then,
by applying a Laurent series-expansion of F(z) around z = oo, it can be shown, that
there exists a unique sequence of constants {g;}7, C R"*"U, so-called Markov
parameters, such that

F(z)=Y gz " (2.2)

i=0

! The region of convergence is the set of points in C for which the summation associated
with the Z-transform converges.

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 21
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Moreover the signal
h=2"" {Zgizf}, (23)
i=0

is called the impulse response of F (2~ is the standard notation of the inverse Z-
transformation). Such a signal corresponds to the response of F for a pulse input at
k = 0 and it uniquely represents the IO behavior of F. Note that in case of unstable
systems, a Laurent expansion of F(z) is available but around z = 0, which results
in an expression in the positive powers of z. By substituting z~! in 2.2) with the
backward-shift operator q !, it holds that

y=Ygdq u, (2.4)
=0

for all (u,y) valid signal trajectories of F with left compact support. Thus 2.4)
can be considered as a representation of the system itself and it is called the im-
pulse response representation (IRR). Note that such a representation is available for
unstable systems as well, but in terms of the forward-shift operator q.

Finite truncations of the IRR are known as finite impulse response (FIR) models,
which have proven their usefulness in many areas of engineering, ranging from
signal processing to control design and also in approximative system identification.
Despite numerous attractive properties of FIR models, these structures often require
a large number of expansion terms to adequately approximate the original system
dynamics. As an alternative, series-expansion models using general basis functions
have been introduced:

AEDITTACHE 2.5)

for a predefined set of rational basis functions {¢;}”_, with ¢g = 1 and constant co-
efficients {w;}7 ;. Such models preserve all the advantages of FIR structures, but in
general they require much less expansion terms for adequate approximation due to
the infinite impulse response (IIR) characteristics of the basis functions. In the fol-
lowing, the basic properties and the theory of orthonormal basis functions (OBF) are
introduced briefly with the intention to derive OBFs based representations/models
of LPV systems later on. To simplify the following discussion, which is based on
[731 [129]] and [[74]], we restrict our attention to discrete time (DT) stable SISO sys-
tems, however some hints are also given later how the theory extends to MIMO or

continuous time (CT) systems.

2.2 Signal Spaces and Inner Functions

Before defining OBFs and their properties in system approximation, some im-
portant concepts of signal spaces and function properties are defined. We de-
note by D = {z € C||z| < 1} the open unit disk in the complex plane and by
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J={z€ C]||z] =1} the unit circle. Also introduce E to represent the exterior of
J. The function space we frequently use in the sequel is the following:

Definition 2.1 (Hardy space on E). Denote by H; (E) the Hardy space of complex
functions (transfer functions) F' : C — C, which are analytic (holomorphic) on E,
and squared integrable on J:

F = ! ’ F i 2d oo 2.6
=Ssu ret W < oo, .
H ||H2 1<lz 27.[/0 | ( )| ( )

where || . [|5,, is a norm on H (E). O

H, (E) can be interpreted as the space of stable proper transfer functions. Addi-
tionally we denote by H,_ (E) the subspace of strictly proper functions in H, (E).
Introduce also RH,_ (IE) as the subspace of transfer functions in H,_ (E) with real
valued impulse response. H; (IE) is equipped with the following inner product:

Definition 2.2 (Inner product of H; (E)). The inner product of Fi,F> € H, (E) is
defined as:

1 dz
1(0 _ * *
(Fi, B / Fi(e®)F5 () do= . é REFE0/) T, e

where * denotes complex conjugation. (]

The norm of F € H, (E) satisfies ||F ||, = \/(F,F). Two transfer functions F, F €
H, (E) are called orthonormal if the following conditions hold:

<F17F2>:07 ”FlHHz:HFZ”Hz:l’ (2.8)

In this sense, the functions {z*}/_, in H, (E) are orthonormal, as they trivially
satisfy (2.8). Moreover, for a given transfer function F € H, (E), the Markov pa-
rameters can be computed as g; = <F, 7t >, yielding the Laurent series-expansion
(22)). This series-expansion is called convergent if

1F 3, = \/Z |gi]? < ee. (2.9)
i=0

Relation (2.9) implies that {z '} | are complete in H_ (E). These functions, often
referred as the pulse basis, are the most simple OBFs in H,_ (E) and they generate
the IIR of stable dynamical systems.

We distinguish a special set of functions in H; (E), the so-called inner func-
tions. A function Gy, € H, (E) is called inner, if G,(z)Gy(1/z") = 1. Such a func-
tion in RH,_ (E) is completely determined, modulo the sign, by its poles A, =
[A ... A ] eD™:

n 1 _ )‘*
ﬁ:g e d (2.10)

often called a Blaschke product.
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2.3 General Class of Orthonormal Basis Functions

First the class of DT stable basis functions is considered. Let Gy, o = 1 and {Gb,i};"’:l
be a sequence of DT inner functions with McMillan degrees {n;E":l. Let (A;, B,
C;,D;) be a minimal balanced DT state-space (SS) representation of the transfer
function Gy ;(z). Let {A1, A2, ...} denote the collection of all poles of the inner func-
tions {Gp,;};> ;. Under the completeness (Szdsz) condition that ¥;~ | (1 —|4;]) = oo,
the scalar elements of the sequence of vector functions

M;(z) == (zd — A;) BHGb, i>0, (2.11)

constitute a basis for H,_ (E), and each element ¢;; = [M;]; is orthonormal in
H,— (E) with respect to the entire sequence. An important aspect of these basis
functions {¢;;} 7" i1 is that they are uniquely determined, modulo the sign, by the
poles of the generating inner functions (see (Z.10) and (Z.11))). However, note that
@10) is only a particular way to construct OBFs and hence the generated basis
sequence is not unique with respect to {Ay,4z,...} [73].

Any F € H; (E) can be written as

F(z)= WO"‘ivViMi(Z)a (2.12)

i=1

where W,-T € C" (if F,Gp; € RH (E), then WiT € R™) and it can be shown that
the rate of convergence of this series is bounded. The IO relation of the OBF
parametrization (2.12) is illustrated by Fig. 2.1l Note that in this figure, the state
signals {x;};, are the state variables of the balanced SS realizations of {Gy,;}7 ;.
Additionally, x; = M;(q)u, i.e. the states are equal to the output of the generated
basis functions.

Basically, the class of OBFs generalized by (Z.11)) can be classified into five func-
tion sets. These categories, which hierarchically contain the smaller classes from
pulse basis to the Takenaka-Malmquist class, are defined as follows (see for a
detailed overview on these classes):

2.3.1 Takenaka-Malmquist Basis

The functions (Z.11) are often referred to as the Takenaka-Malmquist functions. For
a partlculalﬁ balanced realization of the inner functions, it can be shown that the
basis functions generated via (Z.11)) have the form of

2 Note, that only inner functions in RH,_ (E) have SS representations with real matrices.
We allow here SS representations, i.e. their matrices to generalize to the complex case.
3 Note that a balanced state-space realization of a inner function is non-unique.
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Fig. 2.1 10 signal flow of OBFs based series-expansion models.
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where {1; /};”:1 C D are the poles of the inner function Gy, ;.

2.3.2 Hambo Basis

The special cases when all Gy, ;(z) are equal, i.e. Gy; = Gy, Vi > 0, where Gp(z)
is an inner function with McMillan degree ng > 0, are known as Hambo functions
or generalized orthonormal basis functions (GOBFs). Let (A, B,C,D) be a minimal
balanced SS representation of Gy(z). Define
MM (2) == (zf —A)'BG 1 (2), (2.14a)
MAC(z) i= (A —AT)ICTG(2). (2.14b)

As system transposition is an equivalence transformation for minimal state-space
representations (see [[16]), there exists a unitaryl] T € C"e*"z such that

MDB = TMPC, (2.15)

Now by using ¢; = [MfB] > the Hambo basis consists of the functions

i=0,...,0

o ={0,G} o - (2.16)

We also introduce
, ne>0, (2.17)

to denote the case when we talk only about a set of orthonormal functions generated
by a finite extension of Gy(z). Note that by using M{XC to define ¢;, a different
basis sequence (D,‘;; results. However, due to (Z.13), these basis sequences can be

4 A square matrix T € C"™*" is called unitary if TT* = T*T = I, where * denotes conjugate
transpose, also called Hermitian transpose.
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considered equivalent. In the following we use the MfB based construction if not
indicated otherwise.

Similar to the previous generation method, Gy(z) and hence tD;; are completely
determined by the poles of Gy(z), Ay, = [A1 ... Ay, ] and any F € H, (IE) can be

written as
=) }’lg

F(2) = wo+ Y, >, ij9;(2)Gy(2), (2.18)
i=0 j=1
where wy is associated with the unit gain ¢po = 1. It can be shown, that the rate of
convergence of this series-expansion is bounded by

p = max|Gy(1/4")]. (2.19)

where {)L,EO)} are the poles of F(z). p is often called the convergence rate of the
Hambo series-expansion and it is an essential measure of the approximation quality
of the basis function set with respect to F(z). In the best case, where the poles of
F(z) are the same (with multiplicity) as the poles of Gy (z), only the terms with i =0
in (Z.I8) are non-zero. Such a basis is commonly considered to be optimal for F.

2.3.3 Kautz Basis
When Gy; = Gy, Vi > 0 with n, = 2, the resulting OBFs are called 2-parameter

Kautz functions. Such basis sequences can be considered to be adequate for the
expansion of systems with dominating second order modes.

2.3.4 Laguerre Basis
The case when Gy ; = Gy, Vi > 0 with ng = 1 are called Laguerre functions. As

this type of basis sequence in R’H,_ (IE) has only a real pole A, it can provide an
adequate basis for a F € RH,_ (E) with a dominating first-order mode.

2.3.5 Pulse Basis

The case when Gy, ;(z) =z~ 1, Vi > 0 are called pulse functions. Based on the expan-
sion of the transfer functions of LTI dynamical systems in terms of the pulse basis,
the impulse response representation of LTI systems is available.

2.3.6 Orthonormal Basis Functions of MIMO Systems

In the MIMO case, two approaches have been introduced for the construction of
OBF functions in H;’XX"U(E). The generated functions provide a series-expansion
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of any F € Hy_ (E)"Y”"U_ In one of the approaches, the key idea is to use MIMO
functions that are composed from scalar basis sequences:

oni(z) - Pring(2)

¢i(z) = (2.20)

¢1nY.l (Z) s ¢lnYr.LU (Z)

where each {¢;;}7>_, corresponds to a basis of H_ (E). Then any F € H,* " (E)
can be represented as

F(z) =Wo+ X W0 ¢i(z), 2.21)
i=0

where W; € C"Y*"U and ©® denotes the element-by-element matrix product. Similar
to the SISO case, with different basis sequences {¢y;;};”,, different convergence
rates of the series-expansion can be achieved. However, the degree of freedom in
the basis selection is much higher in the MIMO case. Note, that it is possible to use
different basis sequences in the generation of (2.20), which gives the possibility of
several structural classifications of this type of MIMO bases (see [203]).

Another formulation of MIMO orthonormal basis functions follows by using a
multivariable, specifically square, inner function Gy, € H," ™"V (E). The derivation
is the same as the state-space construction approach presented by (Z.11)), but in this
case ¢; = M; constitutes a basis for 15" "V (E) in the sense that any F € H5" "V (E)
can be written as

=

F(z) =Wo+ Y WiMi(z), (2.22)
i=1

where W; € C"Y*"U. An important issue here is the construction of the square all-
pass function Gy (z). Where in the scalar case, G, (z) can be written as a Blaschke
product and thus modulo the sign it is determined by the poles of the product, the
multivariable-case is more involved and inhibits more freedom. Here also the struc-
ture and/or the dynamic directions are important [73]]. See [203]] and for more
on MIMO-OBFs of this form.

2.3.7 Basis Functions in Continuous-Time

All the results introduced so far are presented for DT systems as this time domain
is used to formulate OBFs based identification of LPV systems later on. There is
however a completely analogous theory for CT systems, where the Laplace trans-
form is used instead of the Z-transform. The exterior of the unit disk E is replaced
by the right half plane C* and the inner product (27)) is defined as integration over
the imaginary axis:

1
(FLB) = /ﬂRF1 (5)F5 (—s") ds. (2.23)
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It is possible to construct an explicit isomorphism between H, (E) and H,(C*)
using the bilinear transformation

z—1

L 10 (2.24)

z— s=Y

In this way, most of the introduced concepts extend trivially.

2.4 Modeling and Identification of LTI Systems

When identifying a dynamical system on the basis of experimentally measured data
records, the outline of the procedure is summarized in the so-called identification
cycle (see Table[L.T)). The two most important steps of this cycle are the choices of an
appropriate model set and the identification criterion. While the previous describes
the set in which the suitable description of the system is sought, the latter defines
the aimed performance of the model. The choice of the model set is crucial as it
directly influences the maximum achievable accuracy or quality of the identified
model in terms of the user-defined criterion. The model set should be as large as
possible in order to contain as many candidate models as possible, which reduces
the structural or bias error of the optimal model in the set. On the other hand, the
number of parameters of the model should be kept as small as possible, because the
variability of the identified models increases with increasing number of parameters.
The conflict between these issues is the well-known bias/variance trade-off that is
present in many estimation problems.

Model structures induced by orthonormal basis functions have attractive proper-
ties in terms of the variance/bias trade-off. When appropriately chosen, they require
only a limited number of parameters to represent models that can accurately de-
scribe the dynamics of the considered system. The choice of basis functions then
becomes a principle design issue. In this section, a brief coverage of DT prediction-
error system identification is given, based on [103]] and [73]. We focus on OBFs
based model structures and concepts required for the derivation of the identification
approaches of this book.

2.4.1 The Identification Setting

As a framework, the black-box setting of [103] is adopted. In this setting, identifi-
cation of an unknown system is aimed at without the use of prior structural infor-
mation. We assume that the underlying unknown system, so-called data generating
system, is an LTI discrete-time SISO process:

y = Go(q)u+v, (2.25)

where G € H, (E), u is a quasi-stationary signal, and v is a stationary stochastic
process (see [103] for a definition of these properties). Furthermore v satisfies
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v=Hp(q)e, (2.26)

with monic transfer function Hy(q) such that Hy, H, ' € H, (E) and e is a zero-mean
white noise process with variance ¢2. Assume furthermore that data sequences
Dy, = {u(k),y(k) Q’ial, generated by (Z.23), are available. Under the given as-
sumptions, the so-called one-step ahead prediction of y(k) based on {y(k—1),y(k —
2),...} and {u(k),u(k—1),...} is

9:= (1—Ho(q) ™)y +Ho(a) " Go(q)u. (2.27)

In prediction-error identification, a parameterized model (G(q,0),H(q,0)) is hy-
pothesized where 6 C O represents the parameter vector, the coefficients of the
model, and © € R" is the allowed parameter space. This model structure leads to
the one-step ahead predictor:

Jo:=(1—-H(q,0)")y+H(q,0)"'G(q,0)u. (2.28)

Then in the prediction-error setting, we would like to choose 6 such that the result-
ing Vg is a good approximation of y, i.e. the so-called prediction error

e(k,8) := y(k) —Jo (k), (2.29)

is minimized. This is commonly performed by the minimization of the scalar valued
least-squares (LS) identification criterion

1 Nal
Wh, (6,Dy,) = v Y € (k.0), (2.30)
d j=0
resulting in
Oy, = arggleigWNd (O,DNd) , (2.31)

based on the available data record Dy;,. Other criteria using different signal norms
of € can also be used or prefiltering can be applied on € to deliver optimal estimates
of 6 based on certain considerations (see [103]). Optimization of the identification
criterion according to (2.31)) is generally a non-convex optimization problem for
which iterative (gradient) algorithms have to be applied. This also implies that con-
vergence to a global optimum can not be easily guaranteed. However, in specific
cases of parametrization, the optimization reduces to a convex problem with an an-
alytic solution.
For dealing with quasi-stationary signals, we introduce the generalized expecta-

tion operator & defined as

_ 1 N—1

vk = Jim 3 vk}, (2.32)

k=0

where € represents the mean value operator. Furthermore we define
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Table 2.1 Black-box model structures

ARX ARMAX OE FIR BJ
G0 WD R mew  R@he R
H(q,0) AT ! v
Var{y} = E{(y-E{y})’}, (2.33)
as the variance operator. The related (cross)-covariance functions are
Ry(7) == EyOy(— 1)}, Ryu() = EDOu—1)}). (234

Additionally, the (cross)-power spectral densities are given as

oo =

Dy(e) = Y Ry(1)e T, Dyu(el®) = Y Ryu(1)e 7. (2.35)

T=—00 T=—o0

2.4.2 Model Structures

There are numerous different black-box model structures available for the para-
metrization of G(q,0) and H(q,6). Most of them, collected in Table 2] parame-
terize the two transfer functions in terms of ratio’s of polynomials R4, ... ,Rr € R[§]
in the backward time-shift operator q~!. These structures are known under the
acronyms given in the table. The parameter vector 6 of these model structures
contains the collection of the coefficients of the polynomials. Commonly, the de-
nominator polynomials are assumed to be monic to ensure uniqueness of the
parametrization. Every model structure or parametrization induces a set of predictor
models, commonly called the model set:

{(G(q,6),H(q,0)) e Ho (E) x H2(E) | 6 € © C R"}. (2.36)

This concept allows us to distinguish the following situations:

e The data generating system (Go(q),Ho(q)) is in the model set, i.e. an exact rep-
resentation of the data generating system can be found by the applied model
structure.

e (Go(q),Ho(q)) is not in the model set, i.e. no exact representation of the system
exists by the model structure.

When the main attention is given to the IO dynamics of the system, i.e. the underly-
ing deterministic behavior described by Gy (q), it is attractive to deal with the set of
so-called IO models:

{G(q,0) € H,(E) | 6 €© CR"}. (2.37)
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This leads to situations when the IO relation of the plant Gy(q) can be or can not be
captured within the chosen model set. Two important properties of the introduced
model structures are the following

e For some model structures, the expression of the output predictor (Z.28) is
linear in the unknown parameters 6, i.e. both the terms (1 — H(q,0))~! and
H(q,0)"'G(q,0) are polynomials. This property holds for the ARX and FIR
structures and has the major benefit that the LS criterion can be minimized by
solving a set of linear equations.

e If G(q,60) and H(q,0) are independently parameterized, the two transfer func-
tions can be estimated independently. This property holds for the FIR, OE, and
BJ model structures.

From these viewpoints it is particulary attractive to consider the FIR model, where
both these properties are satisfied.

2.4.3 Properties

Next we investigate the statistical properties of the considered model structures in
terms of prediction-error identification.

2.4.3.1 Consistency and Convergence

When applying the quadratic identification criterion (Z.30), the asymptotic proper-
ties of the resulting parameter estimate can be derived in the situation when Ng — oo.
If the noise in the measured data is normally distributed, the LS estimator is equiv-
alent with a maximum likelihood (statistically optimal in an asymptotic sense) es-
timator [105]. With other noise distributions, attractive properties also hold (under
weak conditions on the noise):

e Convergence result: For Ny — oo, the parameter estimate éNd converges, i.e.
éNd — 0%, with probability 1, where 8* = argmingeo E{€?(0)}. This implies
that the asymptotic parameter estimate is independent from the particular noise
realization in the data sequence.

o Consistency result: If u is persistently exciting (PE) of a sufficient order, then the
asymptotic parameter estimate 68" has the following properties:

— If the data generating system is in the model set, then Go(q) = G(q,0*) and
Ho(q) = H(q,6").

— If Go(q) is in the IO model set and additionally G(q, 6) and H(q, 0) are inde-
pendently parameterized, then Go(q) = G(q, 0). This means that consistency
of the estimate G(q, 0) is also obtained if H(q,0) is misspecified.

Persistency of excitation (PE) for an order n means in this context that the quasi-
stationary u, used for excitation during the experiment, satisfy that
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Ra(0)  Ra(1) ... Ra(n—1)
Ro(1)  Ra(0) ... Ra(n—2)
Det : N ) : £0. (2.38)
Ra(n—1) ... Ra(l)  Ra(0)

This condition guarantees that enough information on the dynamics of Go(q) is pre-
sent in the measured y to approximate n parameters of a model. In the LTI case it is
sufficient to require that @, (¢!) has a non-zero contribution in the frequency range
—nm < ® < 1 in at least as many points as there are parameters to be estimated in

G(q,0).

2.4.3.2 Asymptotic Bias and Variance

In system identification, one also has to deal with estimation errors. This is due to
the fact that information on the system to be estimated is only partially available:
finite data records, effect of noise, etc. A well-accepted approach is to decompose
the estimation error for G(q, fy,) as:

Go(a) = G(q, On,) = Go(a) — G(a,6") +G(q,0") = G(a,0y,). (239
~
bias var?a’nce

In this decomposition, the first part is the structural or bias error, usually induced
by the fact that the model set is not rich enough to exactly represent the plant. The
second part is the noise induced or variance error which is due to noise contribution
on the measured data. The bias can be characterized in terms of integral formulas
over the frequency domain. Powerful formulas also exist to express variance error if
both Ny and the model order tend to infinity [103]).

One of the most basic results on variance error is formulated in terms of the
variability of asymptotic parameter estimates. In the most general form, the charac-
terization follows from the central limit theorem, proving that

V/Na(Oy, — 0%) — N(0,Qq) as Ny — oo, (2.40)

i.e. the random variable \/Nd(éNd — 0*) converges in distribution to a Gaussian prob-
ability density function with zero mean and covariance matrix Qg. Note that Qg can
be calculated only in a limited number of situations. One of these is when the data
generating system is in the model set, leading to the consistent estimate 8* = 6. In
this case:

_ P

Qg =02 (EJp(k,6))p" (k6 with @(k,60) := — _ _€(k,0

0 =02 (E{ ok 60)9T (k.60 }) (k.80) = = Joek.0)]
2.4.4 Linear Regression

If the model structure has the property of being linear-in-the-parameters, then the LS
problem (2.31)) becomes a convex optimization problem with the analytic solution:
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R | U NS R
Oy, = <Nd rNdrNd> : <Nd I Yy, ) - (2.41)
where Yy, =[y(0),...,y(Na— 1)]" is the collection of the measured output samples

and I'y, = [y(0),...,7(Na— 1)]" contains the regressor vector Y that describes the
data relation according to the one-step-ahead predictor: yo(k) = ' (k)6. For the
ARX case with Deg(Ra) = n, and Deg(Rp) = ny, the regressor vector is

yT(k):[y(k—l) o ylk—ny) u(k) ... u(k—ny)],

while in the FIR case with Deg(Rg) = ny, the regressor vector becomes

yT(k):[u(k) o u(k—nyp)].

Note that on the basis of numerical considerations regarding matrix inversion, the
solution (Z.4) is not computed directly, but via a QR-algorithm. Moreover, sta-
tistical analysis of this estimator results in non-asymptotic expressions of the bias
and variance error, which provide important advantages of linear-in-the-parameter
model structures over other model parameterizations.

2.4.5 Identification with OBFs

Considering the classical identification results described in the previous part, it
appears that there are two attractive properties of model structures: linear-in-the-
parameter property and independent parametrization of the process and noise mod-
els. Among the presented classical structures a combination of these two properties
can only be found in the FIR structure. However, the main disadvantage of this
structure is that it generally requires a large number of parameters to capture the
dynamics of the physical system, which implies a relatively large variance of the
estimate. Using OBFs instead of the pulse basis like in (2.3) can significantly de-
creases the number of required parameters and preserve all the attractive properties.
In this section we focus on the model structures:

G(q,0) =Y wii(q), H(q,0)=1, (2.42)
i=0

where {¢;}""_| with ¢y = 1 are orthonormal basis functions in R’H> (E) with pole lo-
cations A, = [A1 ... A, ]. The unknown series-expansion coefficients of are
collected into the parameter vector 8 = [ap ... w, ] C R"*!. In a general sense,
different identification criteria and settings can be applied for OBFs based model
structures, like for example frequency domain identification in H;/He., resulting
in attractive alternatives of LTI system identification [50]]. In the following we
explore the LS prediction-error setting to compare the properties of this model struc-
ture to the classical results of other structures. Later, these properties also form the
basic motivation why this model structure with the LS prediction-error setting yields
an attractive candidate for LPV identification.
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2.4.5.1 Least-Squares Identification

Due to the linear-in-the-parameter property of the OBF parametrization, estimation
of the parameters in the LS setting similarly follows as in the FIR or ARX cases. The
only difference with respect to these model structures is that the regression vector is

Y (k) = [utk) (9r(@u)(k) ... (9u(@)u)(k)],

containing filtered versions of the input signal rather than delayed version of u or y.
This form of the regressor implies that the LS parameter estimate of can be
obtained via (Z.41). In terms of consistency/bias properties of the estimates all the
classical results about FIR structures hold, if « is a white noise signal, i.e. (Du(ei“’) is
constant. This means, that if Go(q) is in the IO model set and the input is white noise,
then the model estimate G(q, éNd) is unbiased and consistent. This is the case when
the true system has a finite series-expansion in terms of the used basis functions.
In all other cases, the expansion coefficients of Gy(q) in terms of the finite basis
functions are estimated consistently, but a bias results due to the truncated tail of the
required infinite expansion. Therefore there is a primal emphasis on the selection of
appropriate basis functions, to reduce the bias by ensuring a fast convergence rate
of the series-expansion.

A particularly interesting aspect results if the estimation of the parameters is
formulated in state-space. As indicated in (2.14a-b), a basis functions based series-
expansion model G(q, 0) can be realized efficiently in two SS forms:

A B A (WT)"T
{W wo] and {C ah ], (2.43)

where (A,B,C,D) is the minimal balanced SS realization of the inner function Gy,
generating the basis functions {¢;}}_;, W = [w; ... wy], and T € R"*" is a unitary
matrix such that is satisfied. The SS realization in the left is often called the
AB-invariant while the representation in the right is recognized as the AC-invariant
form. Due to property (2.13)), estimation in a AB-invariant form results in a parame-
ter estimate éN > Whose elements are the linear combinations of a parameter estimate
based on the AC-invariant form. An additional property is that the initial condition
of the AC-invariant form can be easily formulated as the part of the parameter vec-
tor, due to the different formulation of the regressors in that case. Thus, estimation
of the initial condition is available by linear regression in the AC-invariant case.
This property is important when, because of various reasons, the experiment pro-
viding the data record can not be accomplished on the system starting from zero
initial condition.

2.4.5.2 Asymptotic Bias and Variance

As indicated before, the classical results in terms of the FIR structure trivially extend
to OBF model structures if the input sequence is a white noise signal. However, due
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to the fact that finite series expansions often result in the case where Gy(q) is not in
the 10 model set, it is important to investigate how the estimated coefficients relate
to the expansion coefficients of Go(q) in terms of the finite basis function set. It can
be shown that, if u is white, then the expansion coefficients of Gy(q) are identified
consistently in the LS setting. This means that even if Gp(q) can not be identified
consistently due to the truncated tail of the expansion, the modeled dynamical part
(the considered finite expansion) is consistently identified. Moreover, in this case 6*
obeys:

1 ) .
6" = argmi Go(e'®) — G(€°, 0
arg%zn/_n| o(e"®) ~ G, )

2@,y () 30 |93

A 2.44
Hy(doyz 40 39

which shows that the basis functions act as data prefilters, emphasizing the fit of the
estimated model on the frequency domain where the gain of the basis functions is
significant. The noise spectrum also does not appear in the expression due to the
fixed noise model, thus the convergence of 6 is not influenced by the noise just like
in the case of FIR models. The bias, due to the undermodeling, can be directly com-
puted via the theory of reproducing kernels [[73]. Furthermore, for specific transfer

functions, like
no b/
Go(z) = Y,

j:lz—?tj@

(2.45)

an upper bound on the approximation error can be given with respect to G(q, 6")
using the basis functions {¢;}"_:

|G (eia)) G(eico 9*)| < < bJ . ).«J(O)_Al
0 - ) = . :
j=1 el0 AJ(O) =11 = )‘z*a’/(())
n A(O) _ lz no b
< max J : b (2.46)
jero 11:[1 1— )‘i*)‘;()) E{ P AI(O)
b

where {;}?_, are the poles of {¢;}? | and I = {t € Z | 7y < T < 1} is the in-
dex set. This expression shows a tight bound on the approximation error in terms
of the bias. If for each pole of the system, there exists a matching pole of the basis

20 = Ai, then the upperbound is zero (G has a finite series-expansion in terms of
the basis). In the general case, the truncation error of the series-expansion is directly
influenced by the convergence rate p (see (Z.46)), which expresses the natural dis-
tance between the basis and the system poles. This implies that to minimize the bias,
the poles of the basis should be as close to the poles of the system to be identified
as possible.

The variance of the model estimate also obeys the classical results of FIR struc-
tures. In the frequency domain, if both Ng,n — oo, n < Ny, the variance of the esti-
mate G(q, Oy, ) reads
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R 1 @, oy n o
Var{Gla, )} ~ ) 310 47)

i=1

where @, (¢'®) is the noise spectrum. This expression shows the classical result of
FIR structures when the input is prefiltered. Note that by choosing the poles {A;}}_,
of {¢}_, close to the poles of Gy, the variance expression (Z.47) peaks if €' comes
to the close neighborhood of A;. This corresponds to the variance/bias trade-off.

As discussed in this section, OBFs-based parametrization can be effectively used
for LTI system representation with many fruitful properties, however it is required
that the basis function set is “well chosen” with respect to system to be identified. In
the next section, the concept of optimality of an OBF set with respect to a set of LTI
systems is established, giving the key theorem to solve the basis selection problem
of the identification scheme both in the LTI and in the LPV case later on. Before
that, some additional aspects of identification are reviewed.

2.4.5.3 Identification in the MIMO Case

In case of MIMO systems, identification follows similar guidelines as in the SISO
case, except that the model structure is formulated with MIMO basis func-
tions. Due to the FIR structure of OBFs models, the analytic solution of (Z.31)) is
still obtained via a linear regression, however with a more extensive book keeping.

In case the MIMO basis are constructed from scalar basis functions (method 1),
all properties in terms of identification trivially extend to MIMO case [128]. How-
ever, this model structure has a major disadvantage, namely that specific elements
of {W;} can be insignificantly small for every i > 0, which can result in an over-
parametrization, ergo in a significant bias of the estimate. MIMO basis sequences
generated by square inner functions via (Z.11) (method 2) are not affected by the
previous disadvantage, however bias and variance properties of the estimates are
not yet clearly understood. See [203] and for more on identification properties
of model structures based on this type of MIMO-OBFs.

2.4.6 Pole Uncertainty of Model Estimates

In practical situations, identification is unavoidably effected by noise, resulting in
uncertainty of the model estimates. The resulting model uncertainties can be char-
acterized based on numerous concepts of uncertainty in the parameter or frequency
domain. See [67, and for an overview on the available approaches. A
well-known fact in the LTI case is that pole locations of a model estimate are gener-
ally sensitive to parameter uncertainties, see e.g. [66]. In the following, some basic
concepts of pole uncertainty regions are briefly introduced for DT model estimates
in the LS setting. The developed concepts are essential for the formulation of the
robust basis selection approach in Chap.[8l
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In the literature, many approaches have been developed for the calculation of
confidence bounds for the estimated parameters (for a survey see [144]). However,
commonly the first-order Taylor approximation based ellipsoidal bounds are used,
like in the MATLAB System Identification Toolbox [106]. Consider the LS setting
with the model structures given in Table 2.1l In this case, if the data generating
system is in the model set, then this implies that the parameter estimate éNd is con-
sistent and has an asymptotically normal distribution with a covariance matrix Qg
(see Sect.2.43). The previous properties provide that

(B, — 60) " Q5" (v, — 60) — x%(n), as Ng— oo, (2.48)

where y2(n) is a y>-distribution with n-degrees of freedom and # is the number of
parameters in 6. Let [a; ... ap, | be the parameters in 0 characterizing the denom-
inator part of the process model and let [bg ... by, ] be the nominator parameters.
Denote A6 := (6 — 6) forevery 6 € ©. Then for a given confidence level & € [0, 1],
the parameter uncertainty of G(q, éNd) can be defined as an ellipsoid

€0(Qg,01) 1= {e ER"|ABTQ;'AB < xé(ng)}, (2.49)

where y2(n) denotes the c-percentile of y?(n). This means that the probability of
éNd € E9(Qp, ) is equal to a as Ny — oo. Often E¢(Qg, ) is restricted to O.

In order to establish an uncertainty region of poles associated with each config-
uration of the parameters inside the derived ellipsoidal bound, a nonlinear transfor-
mation of the parameter confidence region £g(Qg, ¢) is needed. This transformation
can be accomplished through the method of [223]], which gives a hypothesis test to
decide wether a A € C is a pole location of a model with 8 € £9(Qg, ).

Denote by Ay € C™ the poles associated with G(q, 8y) and define AA := A — Ag
for every A € C™. Let Ag be a real valued pole in Ay with n, > 1. Then, define the
perturbation of this pole as A = A9+ AA such that a parameter vector 6 € © exists
whose associated pole vector contains A. Note that 6 is not unique because A only
determines the denominator parameters. If 6 € O exists, then it can be chosen such
that the numerator parameters by ... b, | of 6 are equal to numerator parameters
of 6y. Write G(q, 0) as

G(q,0) = Gi(q,7)G2(q.6), (2.50)
with
| 1 y Xrobiq !

= d G 0) .=
l+yqg~! 1-Aiq! an 2(4,9)

Gl(q7Y) = — _ Ly
1+ g

where @ contains the parameters of G,. This factorization implies the existence of
the transformation
0=T1(AL)0+Tr(A), (2.51)

where y= —A and
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1 0 0 1
v 1 Y
0 On X (n—ng) 0
Ti(2) = o (o )= | |
RO | )
0O ... 0 vy 0]
L Ow—na)x(=1)  Ln-na)x(n-na) | (1)

In case of A is complex valued, define the perturbation of the complex pole pair
Mo, Af as A = Ap+ AA and A* = Aj + AA*. Using the same mechanism, write
G(q,0) as 5

G(q7 9) =G (q’ N, 72)G2(q7 9),

with
Gi( ) = 1 - 1
19,7, %) = 1+71q ' +pqg 2 1-2Re(A)q ! +]|A]2q?’
y Z’”’:oqu’j
Gy(q,0) := ! he2 i
1+32 "dq™

Again, this factorization implies the existence of the transformation (Z.31) with

1 0 ... 0 i
n 1 %
N 0 )2
=10 5 =1 )= |0
: : n ol |
0 ... 0 p "
L O—na)x(ma=2)  Ln=na)xn=na) ]y (2)

where 71 = —2Re(A) and p» = |1 |2
The above derived transformations qualify as a projection of a single pole or
complex pole pair perturbation to the parameter domain @ through the free param-
eter & € R" ! or € R"2. In order to test that the parameter variation induced by
A is inside the parameter uncertainty region g (Qg, ), it is sufficient to show that
there exists a 8 € R"~! (or 8 € R"*~?) which minimizes
< T ¥
(M) +T(1)) Q5" (T1(A)0+ (1)), (2.52)
and the minimum is smaller or equal than Xé(ne) (see (2.49)). If this condition
is not satisfied, then this proves the hypothesis that the pole perturbation cannot

be associated with a parameter vector in £¢(Qg, o). The minimization problem of
(2.52) has an analytic solution:
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5 T ()96 —T7 ()24 T2(2) (2.53)
(') |

Thus for a given pole perturbation A4, if 8 resulting from (2-33) satisfies that (Z.532)
is smaller or equal than y2(n), then A can be the pole of the asymptotic model
estimate with probability o.

Based on the derived hypothesis test, it is possible to calculate the pole uncer-
tainty region

P(Qg, ) :={A €C |30 € E(Qg, ) s.t. A is apole of G(q,0)}, (2.54)

associated with £g(Qg, ). Note that P(Qg, ) C C which means that the hyper
ellipsoid £g(Qg, ) is projected to a lower dimensional space. This implies that for a
pole locations A, associated with 6 € £¢(Qg, ), A € (P(Qp, cx))™ holds. However,
it is not true that any A € (P(Qg,))™ can be associated with a 6 € £¢(Qyg, ).
So the projection is surjective. This is an advantage in the sense that with the given
hypothesis test, P(Qg, &) can be efficiently computed and visualized. However, the
surjective property is also a disadvantage. Instead of representing all configuration
of poles associated with Eg(Qg, &), the complex region P(Qg, o) characterizes the
set of pole locations that can occur with the given probability level in the model
estimates. In this way, the perimeter bounds of P(Qg, o) describe the uncertain pole
locations in a worst-case sense.

In practical situations, 6y can be substituted by éNd if Ny is large enough. Alterna-
tively, using éNd instead of @y results in the hypothesis test that the true poles of the
system are in the uncertainty region of the estimated poles with a given confidence
level. Note that the above given mechanism can be also used for the calculation of
the uncertainty region associated with the zeros of the model, by varying the numer-
ator part in (2.30) instead of the denominator.

Using this pole uncertainty concept, the uncertainty regions can take various
shapes in C, ranging from real segments (real pole) and ellipsoidal or banana shaped
forms to butterfly figures (complex pole pairs) as illustrated in Example[2.1l There-
fore, it is not guaranteed that they constitute convex regions in C. The regions can be
all connected or separated into small sets due to the fact that they are the nonlinear
projection of a hyper dimensional ellipsoid. Increasing & often results in the merg-
ing of previously separated regions. For an increasing o, regions can also popup
unexpectedly in C, due to the higher possibility of parameter variation. This yields
the need of special algorithms to ensure correct calculation of the regions. For this
purpose, an algorithm is developed in that ensures calculation of possibly sep-
arated regions, unlike the existing solutions in the literature.

Note that other concepts of pole uncertainty regions have been developed in the
literature as well. The commonly used ellipsoidal pole regions, also implemented
in the identification toolbox of MATLAB, are calculated using a first order Tay-
lor approximation of the nonlinear projection of £¢(Qg, ) to C. This type of ap-
proximation can introduce significant errors in the calculation of P(Qg, ), unlike
the previously presented approach. Other approaches, like discussed in [114], focus
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Fig. 2.2 Pole-uncertainty
regions P(Qg, ) of esti-
mated poles (green o) with
different confidence levels
o (deep red 0.99 < bright
yellow 0.01). The true pole
locations Aq are denoted by
blue squares.

Imaginary axis

0 0.5 1
Real axis

more on the quantification of the variance of poles or zeros rather than on the actual
calculation of their uncertainty regions. Based on these, the previously presented ap-
proach provides the state-of-the-art technique to calculate pole uncertainty regions
associated with model estimates.

Example 2.1 (Pole uncertainty regions). Let the transfer function Gy of a discrete-
time asymptotically stable LTI system JF with IO partition (u,y) be given as

1.4 O

Go(z) = ) 2.55
0(2) 1—1.57-140.832-2—0.2673+0.057-4 — 0.00675" (2.55)

For this system F, a 500 sample long data record has been collected with a white u
based on a uniform distribution Z/(—1, 1) and an additive white output noise € with
normal distribution A/(0,0.15). The LS prediction-error identification of Gy has
been accomplished via OE parametrization with correct denominator and nominator
orders. The resulting pole uncertainty regions P(Qg, ¢) of the estimate G(q, éNd)
have been calculated with the approach of Sect. using confidence levels (0.99
+ 0.01). The perimeter lines of these regions, obtained with the algorithm of [[198],
are presented in Fig.[2.2] O

2.4.7 Validation in the Prediction-Error Setting

In the prediction-error setting, commonly either simulation or prediction by the
model estimate based on a measured data record is used for (in)validation. One ap-
proach is to investigate the correlation of the residual, i.e. the error of the prediction,
with respect to the input or itself. In other cases, error measures of the difference
between the measured y and the simulated output y are calculated. These measures
are used to decide on the validity of the model estimate. Some popular measures are
the following:
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Definition 2.3 (Mean squared error, [105]). The mean squared error (MSE) is the
expected value of the squared estimation error :

MSE := &{(y—$)*}. (2.56)
0

Definition 2.4 (Best fit rate, [106]). The best fit rate (BFR) percentage or fit score
is defined as

Iy _5)2
BFR::100%~max<l Iy =31, 0)2100%-max 1—\/?{@ f)z},o :
Iy =73l e{r—9)?}

where ¥ is the mean of y, i.e. § = E{y}. a

Definition 2.5 (Variance accounted for). The variance accounted for (VAF) per-
centage is the percentage of the output variation that is explained by the model:

VAF := 100%~max(1—va\ii:{;}9},0> = 100% - max (1— é{e({(y 5 i }, )

where & = E{y — J}. O

Note that the MSE is equal to the LS criterion (2.30) evaluated for the simulated 9,
instead of the predicted output signal. In this way, a high value indicates invalidity of
the model. The BFR percentage is a relative measure, often used in the identification
toolbox of MATLAB, and a low value of this measure indicates invalidity of the
model. The VAF measure describes how much of the output variation is explained
by the model, disregarding possible bias of the estimates.

2.5 The Kolmogorov n-Width Theory

In the identification cycle, one of the key steps is the choice of an adequate model
structure, i.e. the model set, which can represent the system to be identified with a
relatively small number of statistically meaningful parameters. In the identification
approach based on OBF model structures, finding an appropriate model set trans-
lates to the search for a set of basis functions @y, that gives a series-expansion of the
system with a fast convergence rate p. In LTI system identification, one approach to
find appropriate model sets is based on the n-width concept [143], which has been
shown to result in appropriate model sets for robust modeling of linear systems
[111]. Using this concept, it has been shown in that OBF model structures are
optimal in the n-width sense for specific subsets of systems and finding the optimal
OBF set for a given system set can be formulated as an optimization problem. In
the following, the basic ingredients of this approach for discrete-time, stable, SISO
systems are described. Later, this theory is used as the backbone of OBFs selection
for the identification of LPV systems.
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Let .# denote a set of LTI SISO systems with transfer functions {F(z)} = § C
H,— (E) that we want to approximate with a linear combination of n elements of
Hr— (E). Let @, = {¢;}""_, be a sequence of n linearly independent elements of
H,— (E), and let M,, = Span(®,). Note that M, describes all the possible linear
combinations of @, that can be used for the approximation of the elements of §.
The distance dy, (F,M,,) between a F € H,_ (E) and M, is defined as

dy, (F, M) = inf [F=F',,- (2.57)

This distance describes the best possible approximation error of a given F €
H,— (E) in terms of the H, norm if the linear combination of @, is used as an
approximation. With respect to the transfer function set 5, we can define the worst-
case approximation error by @, as the maximum of (Z37) on §. Now we can use
this concept to look for a set @, that has a minimal worst-case approximation error
for §. This minimum is called the Kolmogorov n-width (KnW) of §.

Definition 2.6 (Kolmogorov n-width, [143]]). Let .#, be the collection of all n-
dimensional subspaces of H,_ (E). The Kolmogorov n-width of a function set § in
Hz_ (E) is

T (8. Ha- (E)) = _inf sup drg, (F,M,,). (2.58)
n n Fe
O

In this way, 7, (§,H>— (E)) describes the smallest possible d7, that can be achieved
for all F in § by the linear combination of n independent elements of H,_ (IE). The
subspace M,, € .#,, for which 7, is minimal, is called the optimal subspace in the
KnW sense. This optimal subspace describes a @, that can approximate § best in
the worst-case sense. Now we can formulate this concept for OBFs.

Proposition 2.1 (n-width optimal OBFs, [131]]). Let Gy, € Hy— (E) be an inner
Sunction with McMillan degree ny > 0, with poles Ang, and let ne > 0. Consider the

subspace
i=0,...,n¢

My = Span{9; (2) Gy, (o) } 1,
where ¢; = [My]; and M, (z) is defined by @.11) with respect to Gy(z). Then the
subspace M, is optimal in the Kolmogorov n-width sense with n = (ne + 1)ng for
the set of systems with transfer functions § analytic in the complement of the region

(2.59)

Q (An,.p) ={z€C||Gy(z ") <p}, (2.60)

and are square integrable on its boundary. The worst-case approximation error, i.e.
Suppcg dr, (F,My), is proportional to p" .

This remarkable result means that the set of OBFs @je = {¢;(z) Gi(z) }l;olrifg is the

best in the worst-case sense to approximate transfer functions with all pole locations
in Q(Ay,,,p). Soif in an identification scenario it is known that the system poles lie
in (A, p), then the optimal choice of basis functions is the set of OBFs associated
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Fig. 2.3 The plot of the function |Gb (z‘l) { for different choices of the inner function Gy (z)
and the convergence rate p (in dB). Level sets of !Gb (z‘l ) | give the boundaries of the regions
{zeC, !Gb (1 | < p}. Optimality of the Gy (z) generated basis is ensured with a worst-case
convergence rate p"e+1 for systems with pole locations inside the regions defined by the level
set boundaries.

with the poles A,,. Additionally, Proposition 2.1l shows that for the specified region
one can not improve on the worst-case error by adding new poles to the ng basis
poles. It also generalizes the well-know fact that the set of pulse functions {z~'}1_,
is optimal for the class of stable systems analytic outside the region Q(A,,g, p)=
{lz <p}, p > 0. The boundary of (A,,,p) is displayed in Fig.2.3h as a function
of the convergence rate p. For a given p > 0, the boundary of the region results as
the level set of this function, like the contour lines at the bottom of the figure. The
worst-case approximation error in this case is proportional to p”. This implies the
optimality of FIR model structures with respect to the identification of such systems,
which is a well-known result [143]. However, in case of arbitrary regions, like the
regions in Fig.[2.3b, the level sets are commonly non-circular, containing separate
regions that merge for increasing values of p. For these regions, the optimal choice
of a basis has to be found among general basis functions (OBF model structures).

In an OBFs-based identification scenario we are dealing with the opposite prob-
lem. We are given a rough idea about the possible pole locations of the system
described as a region £y C D and we want to find a fixed » number of OBFs that
are optimal with respect to €2y in the KnW sense. This problem is referred to as
the inverse Kolmogorov problem, where we want to find an inner function Gy, to de-
scribe/approximate a given region of non-analyticity €2 in the form Q(A,,, p) with
p as small as possible. The reason is that in terms of Proposition2.1] the inner func-
tion Gy, associated with the best fitting (A,,,p), generates the ng-width optimal
basis functions with respect to €. Let Gy, Ang (z) be an inner function, associated
with the poles A,, and define

g

Kng(ZaAVlg) = ‘Gb7/\ng(zil)| = H

(2.61)
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Then the solution of the inverse Kolmogorov problem for a given number of poles
ng, comes down to the min-max optimization problem:

i Ky (2,Ang )- 2.62
ADin, max g (25 Ang) (2.62)

See for details on this non-linear optimization problem and solution methods.

2.6 Conclusions

In this introductory chapter basic definitions and concepts of orthonormal basis
functions and the prediction-error identification framework have been introduced
with the aim to establish a solid background for our upcoming investigation of mod-
eling and identification of LPV systems. Through this chapter we have shown that
truncated series-expansion models like OBFs based model structures have attrac-
tive properties in LTI system identification. Such model structures not only provide
consistent model estimation via simple linear regression (in case of an OE noise
model), but need significantly less parameters than FIR models for an adequate ap-
proximation of the system and have a direct characterization of the truncation error.
We will use these attractive properties to develop a low complexity and efficient
identification approach of LPV systems in Chap. [9] using similar truncated series
expansion models. Furthermore, we have discussed in Sect. that in the context
of OBF model structures, the optimal choice of the model set can be characterized
by using the Kolmogorov n-width concept. As we will see, this theory will serve as
the backbone of the later developed OBF-model-structure-based model set selection
approach for LPV systems together with the improved concept of pole uncertainty
regions discussed in Sect. Howeyver, before such theories and methods can be
introduced first we will study LPV systems and establish the basic system theoreti-
cal tools which will enable understanding of model structures and estimation in the
LPV context.



Chapter 3
LPV Systems and Representations

Abstract. In this chapter, a behavioral framework of LPV systems is introduced
as an extension of the LTI behavioral approach. This is done with the intention to
give a unified view on LPV system theory, that enables to approach LPV system
identification in a well-founded system theoretic sense. First we define LPV dy-
namical systems from the behavioral point of view. Then we introduce the algebraic
structure in which we formulate kernel, state-space, and input-output representa-
tions of LPV systems. We also analyze the properties of LPV systems in terms of
state-observability, state-reachability, and dynamic stability.

3.1 General Class of LPV Systems

In this section, we establish the basics of a behavioral framework for linear parame-
ter-varying (LPV) systems where a representation-free definition of such systems
can be given and the previously considered concepts of LPV representations and
corresponding theories can be re-established. Our main motivation is to set this
framework as a tool for the analysis of LPV system identification in a well-founded
sense.

One of the key concepts that is required to establish the LPV behavioral frame-
work is an algebraic structure with elements describing differential equations, like
R[&] (the ring of polynomials with real constant coefficients) used in the LTI case.
As we will see, the required structure in the LPV case is based on polynomials
with coefficients that are functions of the scheduling variable p and its derivatives
(continuous-time) or its time-shifts (discrete-time). The construction of this struc-
ture enables us to apply the results of the linear time-varying (LTV) behavioral
approach, worked out by [239] and [78]. We use these results to establish three
key theorems: the existence of kernel representations, the existence of state-kernel
forms, and later in Sect. the concept of left/right unimodular transforma-
tions. These theorems give the basic building blocks for the derivation of equiva-
lence transformations between LPV representations, treated in Chap. 4 which have
paramount significance for system identification.

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 45“
springerlink.com (© Springer-Verlag Berlin Heidelberg 2610
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First, let’s investigate what we call an LPV system from the behavioral point
of view and what kind of physical phenomena are represented by this modeling
concept.

3.1.1 Parameter Varying Dynamical Systems

In aerospace engineering, it is well-known that many airplanes, like the F-16 Fight-
ing Falcon presented in Fig. 3.1l are nonlinear dynamical systems, but at a constant
altitude they can be well approximated as an LTI system 472]). Then, by view-
ing the aircraft as a collection of LTI behaviors corresponding to different altitude
levels and using the altitude variable as a scheduling between them, we can arrive
at an approximation of the global behavior. In this context, the concept of schedul-
ing means the selection of the LTI behavior associated with a specific altitude level.
This behavior describes the possible continuation of signal trajectories during the
time interval in which the aircraft remains at the same altitude. Thus, the result-
ing representation of the global behavior involves coefficients that are functions of
the scheduling. Such a modeling approach, that was introduced in Chap. [[] as the
gain-scheduling principle, defines a parameter-varying (due to scheduling) and lin-
ear (in signal relation) system. Such systems are referred as LPV. However, it is
important that an LPV system is more than just an array of LTI systems, because
the governing scheduling rules or functions also define the dynamical behavior be-
tween each scheduling point, i.e. altitude points of this example. The concept of
scheduling functions and “frozen” LTI behaviors provides an essential viewpoint on
LPV systems which will be frequently used in the development of the identification
approaches of Chap.

In the general parameter-varying (PV) framework, the scheduling variable, com-
monly denoted by p, is an external, so-called free signal of the system, that governs
the dynamical behavior. From this aspect, the role of p can be understood as an other
“time-variable” that determines the change of signal relations. However, the trajec-
tory of p is unknown in advance which property distinguishes LPV systems from
the LTV system class, where the variations of signal relations is directly associated
with time. Based on this, the class of PV systems can be defined as follows:

Definition 3.1 (Parameter-varying dynamical system). A parameter-varying dy-
namical system S is defined as a quadruple

S = (T,P,W,8), 3.1)

with T the time-axis, [P the scheduling space with dimension np, W the signal space
with dimension ny, and B C (W x ]P’)T the behavior (XT is the standard notation
for the collection of all maps from T to X). (]

! Note that systems where p is an internal variable (like output, input, or state) are called
quasi parameter-varying systems. Still, such systems are commonly treated as a PV system
with external scheduling variable, therefore in the upcoming analysis, p is assumed to be
an independent variable. For more on quasi-PV systems, see Chap.[7l
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Fig. 3.1 The LPV modeling concept of the F-16 Fighting Falcon.

The set T defines the time-axis of the system, describing continuous-time (CT),
T = R, and discrete-time (DT), T = Z, systems alike, while W gives the range
of the system signals. The behavior 8 C (W x P)T is the space of all signal and
scheduling trajectories that are compatible with the system. Note that there is no
prior distinction between inputs and outputs in this setting. The scheduling space
P is usually a closed subset of a vector space on which the scheduling variable p
varies: p € PT. In our example, PP refers to the altitude range of the aircraft, which
is positive and bounded by a maximum height of operation. Often, the admissible
trajectories of p are further restricted to a subset of P to bound their variations, e.g.
it is not possible for an aircraft to have discontinuous jumps in altitude. This set of
admissible scheduling trajectories is defined as the projected scheduling behavior:

%p:np%:{pEPTHWEWT s.t. (W,p)e%}, (3.2)

where 7, denotes projection onto PT. In other words, Bp describes all possible
scheduling trajectories of S. Similarly we can define the projected signal behavior
Byy. Additionally, for a given fixed scheduling trajectory p € Bp, the projected
behavior

‘BPZ{WEWTHW,[))E%}, (3.3)

defines all the signal trajectories compatible with the fixed scheduling trajectory p.
The projected behavior gives the possible course of actions or maneuvers that the
aircraft in our example can take to follow a fixed altitude trajectory. In case of a
constant scheduling trajectory, p € B, with p(r) = p for all r € T where p € P, the
projected behavior B, is called a frozen behavior and denoted as

B, = {weWT | (w,p) €B with p(t) =p, Vte'lr}. (3.4)
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Definition 3.2 (Frozen system). Let S = (T,P, W,B) be a PV system and consider
B, for a given p € P. The dynamical system

Fpo = (T,W,B;) (3.5)
is called a frozen system of S. (]

With the previously introduced concepts, we can define LPV systems as follows:

Definition 3.3 (LPV system). The parameter-varying system S is called LPV, if the
following conditions are satisfied:

e W is a vector-space and 5, is a linear subspace of WT for all p € Bp (linearity).

e T is closed under addition.

e For any (w,p) € 9B (a signal trajectory associated with a scheduling trajectory)
and any 7 € T, it holds that (w(.+ 7),p(.+ 7)) € B, in other words "B =B
(time-invariance). O

In terms of Def.[3.3 for a constant scheduling trajectory p(k) = p, time-invariance
of § implies time-invariance of . Based on this and the linearity condition of %5,
it holds for an LPV system that for each p € P’ the associated frozen system F, is an
LTT system, which is in accordance with previous definitions of LPV systems (see
[156]). In this way, the projected behaviors of a given LPV system S with respect
to constant scheduling trajectories define a set of LTI systems:

Definition 3.4 (Frozen system set). Let S = (T,P,W,B) be an LPV system. The
set of LTI systems

Fs={F=(T,W,B) | IpeP st B =B,} (3.6)
is called the frozen system set of S. ]

This set refers in our example to the LTI behaviors of the aircraft for constant altitude
levels. We have already motivated that the LPV system concept is advantageous
compared to nonlinear systems, as the relation of the signals is linear. Definition3.3]
also reveals the advantage of this system class over LTV systems: the variation of
the system dynamics is not associated directly with time, but with the variation of
a free signal. Thus, the LPV modeling concept, compared to LTV systems, is more
suitable for non-stationary/coordinate dependent physical systems as it describes the
underlying phenomena directly (see Example 3.1)).

Example 3.1 (Varying mass on a spring). To emphasize the advantage of LPV sys-
tems, let’s investigate the modeling of the motion of a varying mass connected to a
spring (see Fig.[3.2). This problem is one of the typical phenomena occurring in sys-
tems with time-varying masses like in motion control (robotics, rotating crankshafts,
rockets, etc.), biomechanics, and in fluid-structure interaction problems. Denote by
wy the position of the varying mass m. Let kg > 0 be the spring constant, intro-
duce wr as the force acting on the mass, and assume that there is no damping. By
Newton’s second law of motion, the following equation holds:
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Fig. 3.2 Varying-mass con-
nected to a spring.

w () “
my(t)
wp(t)

d d

dr (m dr wx> = wg — kgwy, 3.7
or equivalently
d d d?

kowy + (dtm) dth+mdt2wX:wF. (3.8)

It is immediate that by taking m as a scheduling variable, the behavior of this plant
can be described as an LPV system, preserving the physical insight of Newton’s
second law. On the other hand, viewing m as a time-varying parameter, whose tra-
jectory is fixed in time, results in a LTV system. Such a system would explain the
behavior of the plant for only a fixed trajectory of the mass.

It also holds that for any constant scheduling trajectory p(f) = p, i.e. constant
m for all t € R, the set of admissible signal trajectories of (3.8)) is defined as the

solutions of
d2

ksWx—WF+Pdt2Wx =0. 3.9)

This yields that the frozen system set is the collection of LTI systems represented
by (3.9) for all p € P, i.e. all possible constant 7. O

In the sequel, we restrict our attention to continuous-time (T = R) and discrete-time
(T = Z) systems with finite dimensional and real signal space (W = R"W) and with
finite dimensional, real, and closed scheduling space (P C R"?). In fact, we consider
LPV systems described by finite order linear differential or difference equations
with parameter-varying effects in the coefficients, and we call such systems linear
parameter-varying differential/difference systems and denote them with S. A basic
property of such systems is that their behaviors B are complete ((w,p) € B &
W, 211,11 € Bligg, 111 Ylto,11] € T). In the sequel, if we refer to LPV systems, we
refer to this system class.

3.1.2 Representations of Continuous-Time LPV Systems

In order to re-establish the concept of LPV representations, we introduce kernel
(KR), state-space (SS) and input-output (10) representations of continuous-time
(CT) LPV systems. However, to define these representations, we first have to intro-
duce differential equations with varying-coefficients as the representations of LPV
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behaviors. These differential equations are described by polynomials of an algebraic
ring where equivalence of representations and other system theoretic concepts can
be characterized by simple algebraic manipulations.

3.1.2.1 Coefficient Functions

As stated, the coefficients of the representations of LPV systems are functions of
the possibly multidimensional scheduling variable p. Thus, first we define the class
of functional dependencies that we consider in the sequel. In fact, we establish an
algebraic field of a wide class of multivariable functions. We show later that if the
variables of these functions are assigned to the elements of p and their derivatives,
then equivalence transformations between different representation domains become
possible. To formulate the class of multivariable functions that we consider, intro-
duce the following definition:

Definition 3.5 (Real-meromorphic function, [88]]). A real-meromorphic function
f:R" — R is a function in the form

_ 8
f= (3.10)

where g,h : R" — R are holomorphic (analytic) functions and A # 0. (]

Meromorphic functions consist of all rational, polynomial functions, trigonomet-
ric expressions, rational exponential functions etc., however functions like f(x) =
sin~!(1/x) are not meromorphic (x = 0 is an accumulation point of the singulari-
ties). Therefore, this class contains the common functional dependencies that result
during LPV modeling of physical systems (see Chap. [Tl and[7). Next we formulate
an algebraic field over all multivariable real-meromorphic functions.

Let R, denote the field of real-meromorphic functions with n variables. Denote
the variables of a r € R, as {j,...{,. Also define an operator U; on R, with 1 <

Jj < nsuch that
Uj(r(Cl,...,Cn)) = r(Cl,...,CJ-,O,...,O). (311)

Note that U; projects a meromorphic function to a lower dimensional domain. In-
troduce R, defined as

Ryn={r€Ry|Un1(r) #r}. (3.12)

It is clear that R, consist of all functions R, in which the variable £, has a
nonzero contribution, i.e. it plays a role in the function. Also define the opera-
tor Us : (U>oRi) — (Ui0R:), which associates a given r € R, with a ¥/ € Ry,
n>n, ie U.(r) =7, such that ¥(&1,...,8y) = r(&1,...,80,0,...,0) for all
Ciy.. &y € R, Uy(r) = r and n' is minimal. In this way, U, reduces the vari-
ables of a function till , can not be left out from the expression because it has
a nonzero contribution to the value of the function. Now define the collection of all
real-meromorphic functions with finite many variables as

R=|JRi, with Ro=R. (3.13)

i>0
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The function class R will be used as the collection of coefficient functions (like
{A,...,D} and {a;,b,} in (L6ab) and (L.4)) for the representations, giving the ba-
sic building block of PV differential equations. These functions are not only used
to express dependence over multidimensional p but also to enable a distinction be-
tween dynamic scheduling dependence of the coefficients and the dynamic relation
between the signals of the system. The following lemma is important:

Lemma 3.1 (Field property of R). The set R is a field.

The proof of this lemma is straightforward and is given in . Denote by R
the matrices with elements in R. It is immediate that R *" is also a field.

3.1.2.2 Representing Scheduling Dependence

The next step towards the formal definition of PV differential equations and the asso-
ciated kernel representations, is to associate the variables of the coefficient functions
with elements of p and its derivatives. This is required to handle multiplication of
coefficients by time operators. Given the scheduling dimension np, denote the vari-
ables of r € R, (n-dimensional function in R) as:

r({Gijtnempe) =7 (C017C02a~~~7C0ﬂ]p7§117§12a~"7Cn§17---aCnc‘r) , (3.14)

where ng > 0 and 0 < 7 < np such that nenp+7=n.In this way, the first variable
of ris denoted by {p;, the second is denoted by {p,, etc. Thus, (3.14) gives a unique
labeling of the variables for each R, with n > 1. In continuous-time, associate each
variable ;; as
di
Gij = ariPi (3.15)

where p; is the j™ element of the scheduling signal p. This association provides the
description of parameter-varying coefficients in R, where each coefficient is a mero-
morphic function of the elements of p and their finite order derivatives (see Example
[B.2). We call such a coefficient dependence dynamic. To compare this dependency
class to class of dependencies used in the state-of-the-art of LPV identification (see
Chap. [I), define the subset of R for a given np as R|,, = U?Eo R;. It is easy to
show that R|,,; is a field and it consists of meromorphic coefficient functions de-
pendent on the elements of p (without derivatives). This dependence type is called
static. It has already been discussed in Chap. [Il that LPV representations based
on coefficients in R|,, are inequivalent (see Chap. @ and for a detailed
explanation). This is the main motivation to use coefficients in R as the building
blocks of representations, because with these, equivalency of representations can be
re-established.

To express the association (3.13), we introduce the operator ¢ : (R, Bp) — (RF)
that associates » € R and p € Bp with a time function defined as:

r<>p=r<{§,f,'pj}n§7nw). (3.16)
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This operator expresses the evaluation of the coefficient function r along a schedul-
ing trajectory p and its derivatives.

Example 3.2 (Coefficient function). Let P = R™ with np = 2. Consider the real-
meromorphic coefficient function r : R — R3 defined as

(1,2, x5) = S5 (3.17)
sin(x3)
Then for a scheduling signal p : R — R?:
B d _cos(p1) 318
rop—r(p17p27d1pl)_Sin(dpl)~ ( . )
dt
On the other hand, if np = 3, then
cos
rop= r(PlaP27P3) = Sln(([lj;)) . (319)
O

In the sequel the (time-varying) coefficient sequence (r< p) will be used to operate
on a signal w (like a;(p) in (L4)), giving the varying coefficient sequence of the
representations. In this respect an important property is that multiplication of the
© operation with the operator 511 is not commutative, in other words i(ro p) #

(rop) ((111' To handle this multiplication, for » € R we define the dot operator on R
to describe differentiation of parameter-varying coefficient functions.

Definition 3.6 (Dot operator). Let r € R, be a meromorphic function in R. For a

given scheduling dimension np, denote the variables of r as {;;}, s based on
(B:14). Then, in continuous-time, the dot operator on R is introduced as
Fi= U, (F), (3.20)
where ¥ € R, and is given by
nCone 5
r({Cij}n§+l,n]p,‘r) = 2 2 PIe r({Cij}nC,np,T)g(k+l)l
k=0i=1
L0
+> r({Gij}ng g, 0) Sinp 1)1 (3.21)
1=1 aCngl ¢ ¢
O

Note that the chain rules of differentiation imply that the dot operator fulfills the
following rules for any ry,r) € R:

ifr=rixr, then =7 £y,
ifr=rnr then 7=r7rr,+rrs,

if r="1 then j="1","1"72,
rn 5
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Due to the differentiation to which (3.21)) corresponds, the number of variables in the
coefficient functions can grow, representing an increase in the order of derivatives
of p in the functional dependence.

Example 3.3 (Non-commutativity and the dot operation). Consider again Example
B:1land rewrite the differential equation (3.7) into the form:

kgwx —wp+E(rom)Ewy =0, (3.22)

with £ = gf and r € R is the identity function: » ©m = m. Then, due to the non-
commutative multiplication rule (3.32)), equation (3.22)) is equivalent with

Kewy — Wi + (Fom)Ewy + (rom)E>wy =0, (3.23)

where iFom = (‘ftm. Note that (3.23)) is identical to (3.8) by using the signal substitu-
tionp=mandw' = [wy wg]. O

3.1.2.3 Polynomials over R

In order to introduce representations of LPV systems, an other key ingredient is
needed, namely the formulation of polynomials with meromorphic coefficient func-
tions that have a finite number of variables. Polynomials of this type are used to
define PV differential equations describing the behavior of CT-LPV systems. First
we define the ring of such polynomials and we show that multiplication, which cor-
responds to differentiation, is non-commutative over this ring.

Introduce R[&] as the collection of all polynomials in the indeterminant & and
with coefficients in R. It is a general property of polynomial spaces over a field, that
they define a ring. Also introduce R[E] ', the set of matrix polynomial functions
with elements in R[&]. Using R[£] and the operator o, we are now able to define a
parameter-varying differential equation:

Definition 3.7 (PV differential equation). Consider R(§) = ZEO ri& e RIE] > mw
and (w, p) € (R"W x R™)R,

d g di
R o = | O w=0 3.24
(R(g)opwi= 2 (riop) 4w =0, (3.24)
is called a PV differential equation with order nz = Deg(R). O

PV differential equations in the form of (3.24)) are used to define the class of CT-LPV
systems we consider in the sequel. It will be shown, that this class contains all the
popular definitions of LPV state-space and IO models. Furthermore this mathemati-
cal structure also enables the transformation of a wide class of nonlinear systems to
an LPV form by preserving physical insight (see Example 3.4and Chap. [7).

Example 3.4 (PV differential equation). Consider the mass-spring system of Exam-
ple 3.1} Let p = m with a scheduling space P = [1,2] and let w = [wy  wg]' with
W = RR?. Then the possible signal trajectories are defined as the solutions of
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d d d?
kawi —wp + <dtp> dtWI +pdt2W1 =0. (3.25)

for all smooth p : R — P. Such a system equation can be written in the form (3.24))
with nyy = 2, ng = 1,np=1,and

roop=[k —1], riop=[4p 0], nop=[p 0]. 0

So far we have defined PV differential equations in the form of

(r( "

g P =0, (3.26)

which for a given p corresponds to an ordinary differential equation in the variable
w. In the behavioral framework, a PV system is defined as the union of signal and
scheduling trajectories (w, p) that are compatible with the system. Thus to define a
representation of a system in terms of a PV differential equation which de-
scribes these signals, we require the concept of admissible signal trajectories of PV
differential equations. Define L',lloc (R,R™), the space of locally integrable functions
w: R — R"W gatisfying:

/12 ()2 < oo, (3.27)

with [1;,72] C R and ||.||» denoting the Euclidian norm on R"¥. Also define
C=(R,R) as the space of infinitely differentiable functions w : R — R". Now we can
formulate the definition of solutions we consider for (3.26). Restricting ourselves to
C* would leave out important functions like steps. On the other hand, the space of
distributions is too large to have the solution at every time instant well-defined. A
vital alternative is L',lloc, which is large enough to accommodate steps, ramps, etc.
and still concrete enough to avoid problems with distributions. Thus, the concept of
solution is introduced in the following sense:

Definition 3.8 (Weak solution). We call w € £1°°(R,R"%) a weak solution of (3.24)
for a given smooth scheduling trajectory p € Bp C L1°°(R,R"), if

o (R (5 op)o)i= [ wT(R(3)op)odi =0 (3.28)

holds for every smooth, so-called test function, ¢ : R — R with compact support,

where R is
g

RY(&) =3 (-1)'&"r. (3.29)

i=0 0

In the following we only consider scheduling trajectories for which the coefficients
of R(&) ¢ p are bounded, so the set of solutions associated with R is well defined
in terms of (B.28). Additionally, R" (also called the adjoint of R) results in the form

of (3.29), due to integrations by parts of (3.24) to transfer all differential operators
acting on w to differential operators acting on ¢, similar to the LTI case [51]. Each
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integration by parts entails a multiplication by —1. To compute R' in a form where
the coefficients are right-side multiplied by &, repeated use of the multiplication rule
(3:32) is required in (3:29) (see Example[3.3).

Example 3.5 (Weak solution). Consider the parameter-varying differential equation

(B23). Then
RUE) =g —&r +&F = (1 = +7] )+ (211 —r] ) E+r1E,
R@ep= | 5]+ [40]e+ [0]e

Choose a particular scheduling trajectory p(¢) = cos(¢) and a test function ¢(z) =
cos(t). Then

Yop)(1)- 9(t) = [ (3:30)

ks cos(1) + sin® (1) — cos?(r) ]

. d
(R (d —cos(t)

t
which means that taking w(t) = [cos() kscos(t) + sin?(r) — cos?(r)] " gives 0
for (3.28). It can be shown, that this holds for every ¢, yielding that w is a
weak solution. Substitution of w into (3.23) satisfies the differential equation with
p(t) = cos(t) for all + € R. This implies that w is a strong solution (satisfies
for all # € R) of the varying-mass and spring system. However, taking

wir) = [ksCOS(I)*COiZ(l)‘FSinz(l) Co:(l)}T also gives 0 for (3.28) with ¢(r) = cos(r),

but such a solution does not satisfies (3.23) for {k - 7}z and as a result it can only
be a weak solution. By considering other test functions, it can be shown that (3.28))
is not satisfied in all cases, which proves that this choice of w is not a weak solution
of (3.23). |

Due to its algebraic structure, it is possible to show that R[&] is a domain, i.e. for
all Ri,R, € R[&] it follows that

Ri(E)R,=0(§) = Ri(§)=0 or Ry(&)=0. (3.3

Since the indeterminant & is associated with (‘ft, multiplication with & on R[£] is
non-commutative due to the chain rule of differentiation. Multiplication with & can
be algebraically defined through the dot operator using the non-commutative rule:

Er=i+rE, (3.32)

where r € R (see Example[33). Additionally, the ring R[&] is simple (i.e. the only
ideals that are both right and left ideals are the trivial ones: 0 and R[&] itself) and it
is a left and right principle domain (i.e. every left and right ideal can be generated
by a single element). To show these properties, the argument similarly follows as
in the case of polynomial rings with rational coefficient functions [64]. In fact this
ring is even a right and left Euclidian domain, which means that there exist a right
and left division with remainder [41]]. Based on these properties and with the non-
commutative multiplication rule 332), R[£] defines an Ore algebra [132].
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Due to the fact that R[] is a right and left Euclidean domain, there exist left
and right division by remainder. This means, that if Ry, R, € R[£] with Deg(R;) >
Deg(R;) and R, # 0, then there exist unique polynomials R',R” € R[&] such that

Ri(§) =Ra(ER'(E) +R"(E), (3.33)

where Deg(R;) > Deg(R”). Here we call R” the right-remainder. Furthermore, as
R[E] is simple, the rank of a matrix polynomial R € R[E]" "W is well-defined [92].
Denote by Span3” (R) and SpanSS!(R) the subspace spanned by the rows (columns)
of R € RIE] ™, viewed as a linear space of polynomial vector functions with coeffi-

cients in R"*". Then
Rank(R) = Dim(Span’y" (R)) = Dim(Span3!(R)). (3.34)

The notion of unimodular matrices, essential to characterize equivalent representa-
tions in Sec. is also introduced:

Definition 3.9 (Unimodular polynomial matrix function). Let M € R[£]"*". Then
M is called unimodular, if there exists a M" € R[E]"™", such that MT(E)M(E) =1
and M(EYMT(E) =1. O

Any unimodular matrix operator in R[E]*" is equivalent to the product of finite

many elementary row and column operations [41]:

Interchange row (column) i and row (column) j.

Multiply on the left (right) a row (column) iby ar € R, r # 0.

For i # j, add to row (column) i row (column) j multiplied by £”, n > 0.
Replace the first element in each of two columns by their highest common left
factor and O respectively.

el s

Example 3.6 (Unimodular polynomial matrix function). The matrix polynomials
M,M" € R[E]>*?, defined as

wo=[n 85, ] we=[nrEn ]

ng né&+n —&ri r |’

are unimodular as M(E)MT(E) = MT(E)M(E) = I. Note that Ery # ri & due to the
non-commutativity of the multiplication by & on R[&]. O

Another important property of R[E] " is the existence of a Jacobson or so-called
Smith form:

Theorem 3.1 (Jacobson form, [41]). Let R € R[E]"™ "W with R # 0 and n =
Rank(R). Then there exist unimodular matrices My € R|E]"*" and M, € R[E]™w>"w
such that

Mi(E)R(EM(E) = {Qﬁf) 8] , (335)

where Q = Diag(1,...,1,r) € R[E]"" and 0 # r € R[E].
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Due to the algebraic structure of R[], the proof of Th. Bl similarly follows as
in [41] Sect. 8.1]. In terms of the Jacobson form of a given R(&), introduce
Deg, (R) := Deg(r), describing the minimal degree of the polynomial (&) which
generates R(&).

Example 3.7 (Jacobson form, [239]). Consider

o r—|—§ —1 -1 2%3
Re)=[ /75 L D] emieps
where r is a meromorphic function and £ = ;. Then the Jacobson form of R is
1 0 0
mE@REME = [y, ol
with
10 0 0 1
G A G R 0
-1 -1 &

Now it is possible to show that there exists a duality between the solution spaces
of PV differential equations and the polynomial modules in R[] ™" associated with
them, which is implied by a so-called injective cogenerator property. This property
makes it possible to use the developed algebraic structure to characterize behaviors
and manipulations on them. Originally the injective cogenerator property has been
shown for the solution spaces of the polynomial ring over R in [239]. In Appendix
[A] this proof is extended to R[&].

3.1.2.4 Kernel Representations

As a next step in the foundation of the LPV behavioral approach, we develop the
concept of KR representations of CT-LPV systems and investigate some relating
properties. Based on the concept of weak solutions of a PV differential equation, we
introduce continuous-time KR representations of LPV dynamic systems as follows:

Definition 3.10 (CT-KR-LPV representation). The parameter-varying differen-
tial equation is called a continuous-time kernel representation, denoted by
Rk (S), of the LPV dynamical system S = (R, R"™ R"W 9) with scheduling vec-
tor p and signals w, if

B = {(W,p) € LI°°(R,R"™ x R"™) | (R(:t)op)w =0 holds weakly}. O

Itis obvious that the behavior B associated with (3.24) always corresponds to a LPV
system in terms of Def.[33] As stated previously, we only consider LPV systems
with T = R that have a KR representation, so existence of such a representation is
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explicitly assumed. It will be shown that this system class includes all LPV systems
that can be described in the classical form of state-space and input-output models
(see Sec. that have been considered previously in the literature. It is also
important that the allowed trajectories of p are not restricted by (3.24) (only those
p € L1°(R,R"?) are excluded from B for which a coefficient r; ¢ p is unbounded).
This is in accordance with the classical concept of p being an external variable of
the system. One can also include further restrictions on Bp = 7,'B, like description
of the admissible scheduling trajectories as solutions of a differential equation, etc.
However, to preserve the generality of the developed framework, we do not consider
the latter case.
Based on the concept of rank, the following theorem can be introduced:

Theorem 3.2 (Existence of full row rank KR representation). Let B be given
with a KR representation (3.24). Then B can also be represented by a R’ € R[E] *"W
with full row rank.

The proof of this theorem is given in Appendix[A.1l The significance of Th.[3.2is
that it establishes the concept of minimality for KR representations (see Chap. 3.2).

3.1.2.5 Input-Output Representations

Another key representation form is the IO representation, which we define from the
behavioral point of view in this subsection. Before establishing our definition, we
need the concept of 10 partition for LPV systems.

In many applications, in particular in control, it is necessary to group the signals
of dynamical systems into sets of input signals u : R — U and output signalsy : R —
Y. This is done to distinguish which of them we would like to (or can) actuate as
inputs in order to drive the remaining so-called output signals to a desired trajectory
of B. The definition of such a IO partition of S, which is commonly non-unique, is
as follows:

Definition 3.11 (IO partition of a LPV system). Let S = (T,R"™ ,R"W _9B) be an
LPV system. The partition of the signal space as R"W = U x Y =R"U x R" and par-
tition of w € £1°°(T,R") correspondingly with u € £!°¢(T,U) and y € L*(T,Y)
is called an IO partition of S, if

1. uis free, i.e. for all u € £1°°(T,U) and p € Bp, there exists ay € L!°°(T,Y) such
that (Col(u,y), p) € 8.

2. y does not contain any further free component, i.e. given u, none of the compo-
nents of y can be chosen freely for every p € Bp (maximally free). (]

An IO partition implies the existence of matrix-polynomial functions Ry € R[] *"¥
and R, € R[&]™*"U with Ry full row rank, such that (3.24) can be written as

Jop)y=(Ra( Yo p)u, (3.36)

(Ry(§ M

dr

with nywy = ny + ny. The corresponding behavior 8 is given by
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(.)€ L3R U Y XY [R50 Py = (Ra( ) ) holds weakly }.

with U=R"0 and Y = R"Y. For those scheduling trajectories p, for which the max-
imum freedom of the input signal u holds in %5, an 1O partition defines a causal
mapping in case the solutions of (3.36) are restricted to have left compact sup-
port. Otherwise, initial conditions also matter. LPV systems with no IO partition are
called autonomous. Note that for some systems it is possible that the freedom of
components of w can change for specific scheduling trajectories. In other words, it
can happen that some of the outputs become free for specific scheduling trajecto-
ries but not for all. In this case, the autonomous part of the behavior is related to
the scheduling dependent nature of the system. In case ny = ny = 1, systems are
referred to as single-input single-output (SISO), while systems with nyy > 1,ny > 1
are called multiple-input multiple-output (MIMO) systems.
Now it is possible to introduce 1O representations of CT-LPV systems:

Definition 3.12 (CT-LPV-IO representation). The continuous-time 1O representa-
tion of S = (R, P C R"™ R"0*"v 9B) with scheduling vector p and 10 partition (u,y)
is denoted by Rjo(S) and defined as a parameter-varying differential-equation sys-
tem with order n,:

Ny di Ny dj
2(@iop) gy = jgo<bj<>p) it (3.37)

where a; € R™*"™ and b; € R™*"V with a,, # 0 and by, # 0 are the meromorphic
parameter-varying coefficients of the matrix polynomials Ry (&) = 2?’:0 bj&/ and

full rank Ry (&) = X%, a;E". As u is maximally free, such polynomials exist with
n, > np > 0and n, > 0. O

In terms of Th. any KR representation has a full row-rank equivalent, thus the
existence of 10 representations is guaranteed for any valid 1O partition. It is also ap-
parent that (3.37) is the continuous-time “dynamic dependent” counterpart of (I 3al).

Example 3.8 (10 partition and representation). In Example[3.1] the force wr is a free
variable as it represents the inhomogeneous part of (3.7). Thus, the choice of w =
[y u]" =[wg wx]' yields a valid IO partition. With m chosen as the scheduling
signal p the PV behavior can be represented in the form of (3.36) with polynomials

Ry(&) =ap+ar& +a&?,  Ru(&) = by, (3.38)

which have coefficients

d
apop=ks, aop= P @op=p, bopop=1.

d

Obviously, Ry has full rank. This implies that Ry (&) and Ry (&) define an LPV-IO
representation of the system. (]
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In case of continuous-time LPV systems, the notion of transfer function or frequency
response has no meaningfuﬂ interpretation. By using the approximative transfer
function calculus of LTV systems [117]], some interpretation of these notions can
be given for LPV systems. However, these concepts do not satisfy the relations of
the LTI case. On the other hand, each element of the frozen system set .Zgs, is an
LTI system. Therefore, each F;, € .%s has a transfer function F;(s), a frequency
response F,(im), and an impulse response 4, (7) with Markov parameters {g;ip }i~ -
The notion of frozen transfer function set or impulse response set can be established
for any LPV system. The set of frozen poles or zeros follows similarly.

3.1.2.6 State-Space Representations

Besides partitioning the signals of the system in an IO sense, we often need to
introduce additional variables in most modeling exercises to express more conve-
niently the relationships of those signals we are particulary interested in. This is
motivated by the first principle laws of physics where we can often meet physically
non-existing (virtual) variables like the potential field in the well-known Maxwell’s
equations. It also can happen that we are just simply not interested in some “inner”
variables of the system, like in the voltage drop on a resistor of a space shuttle, if
we would like to control its motion around the planet. We call these other, auxiliary
variables latent variables. The introduction of latent variables and their associated
representations are essential for LPV systems as they give the mathematical concept
of signals that corresponds to inner variables or states of the system. In the follow-
ing we extend the definition of latent variables and the property of state to the LPV
case. Then we introduce the state-kernel form, proving that all latent variable rep-
resentations have a first order PV differential equation form. The latter property is
used to define SS representations of LPV systems.

If the continuous-time LPV system contains 7z, latent (eliminatable) and ny man-
ifest (non-latent) variables, then as a generalization of (3.24):

(Rw( op)wi (3.39)

d d
o = (R
epw=(Ru(y)
holds, where w : R — R"W is the manifest variable, wi : R — R™ is the latent
variable, Ry € R[E]"™ "W and Ry, € R[E]"™ " are polynomial matrices with mero-
morphic coefficients. The set of equations (3.39) is called a latent variable repre-
sentation of the LPV latent variable system (Z,R™ R"W x R". 9B ), where the

so-called full behavior By, of this system is defined as

B, — {(W, wi,p) € LR, R™ x R™ x R"®) | (339) holds weakly} .
Additionally, B = 7, )8 is introduced as the manifest behavior associated
with By :

2 Some authors [223] introduce LPV transfer functions with varying parameters.
As they commonly refer only to the collection of transfer functions associated with Zg,
this notion of the LPV transfer function is misleading.
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B = {(w,p) € LR, R™ x R™) | Jwy, € LI°(R,R™) s.t. (w,wp,p) € ‘BL}.

Elimination of latent variables is always possible on R[E] .

Theorem 3.3 (Elimination property). Given a LPV latent variable system (T, R"P
R™W x R™ B1) with a signal variable w, a latent variable wy, and scheduling
variable p, then there exists a R’ € R[E] "W which defines a LPV-KR representation
of ‘B = TE(W?p)SBL.

For a proof see Appendix [A.Il Note that elimination of latent variables in CT, can
result in a loss of smoothness constraints of w which have been imposed by the latent
form and can not be represented by the resulting KR representation (in detail
see [[143]]). The most natural way to avoid such problems is to drop these constraints
and consider the closure of 7, ,®BL in the topology of £ ie. T(y,p)BL. This
allows both to keep [,lloc as the solution space and the proper elimination of latent
variables. According to this, in Th. B3] the LPV-KR representation has an equal
behavior with 7, ,)%B;.. Now it is possible to define the concept of state for LPV
systems.

Definition 3.13 (Property of state for LPV systems). Let S = (T,R"? ,R"W x R"L
B1,) be a LPV latent variable system with a latent variable wy . Then wy, is a state if
forevery o € T and (w1, wr 1, p), (W2, wr2,p) € B withwy 1 (fo) =wr2(f) and in
case of T =R, with wr_ | and wy > continuous on R, it follows that the concatenation
of these signals at 7 satisfies

w,p)

(wi,wL1,Pp) t/(} (wa2,wL2,p) € BL. (3.40)

Then By is called a state-space behavior, and the latent variable w is called the
state. U

In terms of Def. 313l wi needs to qualify as a state for each scheduling trajectory
of %p.

Example 3.9 (Latent variable representation). By considering the system in Exam-
pleBdlwith scheduling p = m and P = [1, 2], the following latent variable represen-
tation of the model has the same manifest behavior:

—k 1 " a 0

X | _ 1 d
0 0 |:WF}_ — @ | WL (3.41)
1 0 0 1

This can be proved by substituting the third row of (3.41)) into the second row, giving

d
WL1 = pdt WE. (3.42)

Substitution of (3.42) into the first row of (3.41) gives a PV differential equation in
the variables wy and wg, which is equal to (3.23). Any wy, € £°¢(R,R?) satisfying
weakly the previous equations, trivially fulfills the property of state. ([
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To decide whether a latent variable is a state, the following theorem is important:

Theorem 3.4 (State-kernel form). The latent variable wy, is a state, iff there exist
matrices ry € R™™W and ry,r; € R"™* " such that the full behavior By, has the
kernel representation:

rew—+rowp +riéwp = 0. (3.43)

The proof is given in Appendix[A]} In this way, a CT-LPV state-space (SS) behav-
ior is defined by a first-order meromorphic-coefficient differential equation. Now
we can give the definition of SS representations of a continuous-time S:

Definition 3.14 (CT-LPV-SS representation). The continuous-time state-space
representation of § = (R, P C R" R"UH"Y B) with scheduling vector p is denoted
by Rss(S) and defined as a first-order parameter-varying differential equation sys-
tem in the latent variable x : R — X:

d

at = (Aop)x+ (Bop)u, (3.44a)

y=(Cop)x+ (Dop)u, (3.44b)
where (u,y) is the IO partition of S, x is the state-vector, X = R"X is the state-space,
Bgs = {(u,x,y,p) € LR, U x X x Y x P) | 3.44a-b) hold weakly} )

is the full behavior of (3.44d-b), B is equal to the closure of the manifest behavior
of m—b), ie. B = 717(”_%17)%55, and

|:A B:| |:R"X><”X Rk Xny :|

C D R}’ly Xnx Rny xXny |:|

Example 3.10 (SS representation). Continuing Example the LPV state-space

representation of the model follows by taking [y u]" = [wx wg]' as the IO par-
tition and x = wy, as the state:
d 00 —x, 1] [y
= Ll) O}JH— [ 0 O} {u} ; (3.45a)
y=1[0 1]x (3.45b)

By substitution of into (3.434d), the state equation (3.44d) results, while
gives the output equation (3.44B). Thus the corresponding SS representa-
tion is

_kS
= 0
1

[Aop B<>p:|

1
0
Cop Dop . . (3.46)

S = O

O

Note that in the full behavior Bgg, the latent variable x trivially fulfills the state
property in terms of Th.[3.4l Additionally, this behavioral type of definition of CT-
SS representations includes the definition of LPV state-space models used in the



3.1 General Class of LPV Systems 63

state-of-the-art of LPV control. In those models, the dependence of the matrix func-
tions are assumed to be rational and static, which is trivially included in R. Similar
to LPV-10 representations the notions of transfer function, frequency response, and
impulse response can only be defined in a frozen sense for LPV-SS representations.

3.1.3 Representations of Discrete-Time LPV Systems

The concept of discrete-time (DT) parameter-varying dynamical systems is also im-
portant for engineering applications. In the following we formulate the behavioral
framework for DT-LPV systems. First we investigate the concept of DT parameter-
varying systems and then we define their KR, SS and IO representations. To do
so, we use the previously developed ring of polynomials R[] with meromorphic
coefficient functions. In the DT case, the time operator q is substituted as the inde-
terminate of these polynomials which results in a different non-commutative multi-
plication rule in R[&] than in CT case, but the algebraic structure remains the same.
This property provides that the previously developed theories extend to the DT case.

3.1.3.1 The Discrete-Time Parameter-Varying Concept

In discrete-time, the time-axis is restricted to T = Z. Signals on this axis can be
viewed (but not necessarily) as observations of continuous-time signal trajectories
at equidistant time points. This concept is called periodic, equidistant sampling that
defines the DT projection of a CT signal w : R — W as w' : Z — W satisfying

w (k) = w(kTq), VkeZ, (3.47)

with discretization-step Tq € RT where R™ is the set of positive real numbers. How-
ever in the parameter-varying case, the scheduling signal is also restricted to the DT
time-axis as its observations are only available at the sampling instants. Thus, the
DT projection of a CT scheduling signal p : R — P is defined as p’ : Z — P satisfying

P (k) = p(kTq), VkeZ. (3.48)

In this way, we call S’ = (Z, W, P,B’) the DT equivalent of S = (R, W, P, B) under
the sampling time Ty if

B — {(W',p’) € (WxP)Z|I(w,p) €B st. GID & GAT) hold} . (3.49)

Note that for arbitrary Ty it is not guaranteed that there exists a DT-LPV system such
that is satisfied. On the other hand, not every DT-LPV system is equivalent
with a sampled CT-LPV system. Thus sampling provides only a particular viewpoint
for understanding DT systems and it must be emphasized that DT-LPV systems are a
stand alone mathematical concept of modeling just like in the LTI case. Additionally,
the time projection is defined on the signals and not on their derivatives. This means
that finding the DT equivalent of a S = (R, W,P,B), described by a differential
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equation with meromorphic coefficients dependent on p and its derivatives, is a
non-trivial problem (see Sect. [6.2)).

3.1.3.2 Polynomials over R

In the following, the DT analog of the concepts introduced in the CT-LPV case is
developed. Similar to the LTI case, the time operator that we use in the discrete-time
PV case to define difference equations is the forward-time shift operator q. Such dif-
ference equations are used to describe the behavior of DT-LPV systems. However,
the operator q has different properties than (‘ft, used in the CT case. Additionally, q
being the time operator also implies that the coefficients in the DT case are depen-
dent on p and its time-shifted versions. Due to these differences, in the following we
reformulate concepts of coefficient dependence (association of coefficient variables
with the scheduling) and commutation rules of multiplication in R[£] in order to
define the analog of the concepts of the CT case.

As a first step, we define the variable association of the coefficient functions r € R
with elements of p and their forward and backward time-shifts. Similar to the CT
case, such a dynamic dependence is needed to establish equivalence transformations
(state elimination/construction) between discrete-time SS and IO representations
(see Chap. [ and for the details). Contrary to the CT case, in DT the
coefficient functions are required to depend on both forward and backward time-
shifts of p. Thus, labeling of the variables must contain positive and negative indexes
as well.

For a fixed scheduling dimension np, denote the variables of a r € R, (n-
dimensional function in R) as:

r({Cij}nc,an) ::r(CO,lv"'7go,n]}uvgl,lw“vgl,n]p)gfl,l)'"7§71,nﬂ:\>7C2,17’“7C‘L'1,’1'2)

where ny = 0 and 7 = n if n < np otherwise n = (2ny — 1)np + 7 with n; > 0 and
0 < 1 <2npand

_ (g7 if T<np;
(TI’TZ) o { (—ng,r—n]p) if 7> np. (3.50)

The basic mechanism of this variable labeling scheme is presented in Fig. 3.3 for
np=2and n=1,...,6. In this figure in each row, the yellow dots represent the
labels of the variables for a n-variable coefficient function. Note that for all finite
dimensions, this labeling sequence is unique.

Now we can associate the variables {; i npon T ofare R as

&i=dpj, (3.51)

where p; is the j™ element of p, np is the dimension of p, n¢ € Nis the maximal
order of the shifted versions of p on which r is dependent. For this association, we
define the operator ¢ : (R, Bp) — (R%) in DT as:
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Caa| Cot| Cr2| Ca| Cor| Coz| Cuu| G2 | Cor| G2
n=1 ®
=2 (OZmO)
n=3 O—o06
n=4 OO0+ 06
n= T 0OT60—060+06
n==6 0O 0O0+0+—06+06

Fig. 3.3 Labeling scheme for the variables of meromorphic coefficient functions r : R, for
np=2andn=1,...,6.

rop=r({api}y pr) = rpap.a'p...o). (3:52)
This operator evaluates a given coefficient function » € R for a given scheduling
trajectory p € ®Bp according to the association rule (3.31). For an example of this

variable association and the associated coefficient dependence see Example 3. 111

Example 3.11 (Coefficient function). Let P = R with np = 2. Consider the real-
meromorphic coefficient function  : R? — R defined as

14+ x3

r(X17X27X3) = l_xz'

Then for a scheduling trajectory p : R — R:

L+pi(k+1)
k = k = .
(rop)(k) =r(p1,p2,ap1) (k) 1= po(k)
On the other hand, if np = 1, then
_ 1+pi(k—1)
k) = "'p) (k) = .
(VOp)( ) r(plvqplaq pl)( ) 1—p1(k+1) (]

With the association rule (3.31) and evaluation operator (3.32)) in mind, we can
use polynomial matrices in R[E]™ "W to define a parameter-varying difference
equation:

Definition 3.15 (PV difference equation). Consider R(&) = Z?ioriéi € RIE|m W
and (w, p) € (R"W x R")Z,

ng )
(R(q)op)w= Z(riop)q’w: 0, (3.53)
i=0
is called a PV difference equation with order ng = Deg(R). O

In discrete-time all trajectories in (W x P)Z that satisfy (3.33) are considered as
solutions. PV differential equations in the form (3.33)) are used to define the class of
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DT-LPV systems we consider in the sequel. It will be shown that this class contains
all popular definitions of LPV-SS and IO models used in LPV system identification.

Example 3.12 (PV difference equation). Consider again Example[3.1l Let 0 < Tg <
1 and develop an approximation of the CT behavior of this system through the Euler
(forward) type of approximation:

d qw —w
w=

3.54
dr T, (3.54)

where w' (k) = w(kTq) for all k € Z. Repeated substitution of (3.34) for the deriva-
tives of m, wy, and wg in (3.7) yieldeﬁ

(T3 + m(k))wy (k) — (m(k+ 1) +m(k))wy(k+1)
+m(k 4 1)wy(k+2) = Tawg(k), (3.55)

where the time index k denotes the values of the signals at kT4 on R. We consider
these signals as DT signals in the following. Let p = m with a scheduling space
P=[1,2] andletw=[wx wg]'. Then the difference equation (3.33), which defines
the possible signal trajectories of the DT approximation of the mass-spring system,
can be written in the form of 3.53) with nyw =2, ng = 1, np = 1:

(R(g)op)w= (roop)w+ (r1op)qw+ (20 p)g*w =0 (3.56)

where

roop=[Tiks+p —T3], rop=[—qp—p 0], rnop=[qp 0]. O

So far we have used the polynomials of the ring R[&] to define parameter-varying
difference equations. Thus, by using the algebraic structure of this ring we can de-
velop the analog of the CT results using similar arguments. However, an important
difference with the CT case is that multiplication in R[] obeys a different non-
commutative rule in the DT case. To explore the non-commutative multiplication
rule by & = q, first introduce the shift operators on R, to describe time-shifts of
parameter-varying coefficient functions:

Definition 3.16 (Shift operators). Let r € R,,. For a given scheduling dimension
np, denote the variables of r as {{; itn (p,T based on the previously introduced la-
beling. The forward-shift and backward-shift operators on R are defined as

7 =Uu(rom), (3.57a)
T =U.(romy), (3.57b)

where o denotes the function concatenation, my,m; € R, +onp> and m assigns each

variable jj to ;4 y;, while my assigns each variable ;j to {;_y; as depicted in

Fig.B4 (]

3 Note that applying the Euler derivative approximation on different representations (SS, 10,
etc.) can result in inequivalent DT descriptions.
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Fig. 3.4 Variable assign- my my
ment by the functions m
and m; in Def. (L16 C?l C‘:’l C?l C(:“
CO'n:,. COn:,. COn} COn}
i1 Ci1 G Ci1
Cln Cln;- gln Cln}
G Ca1 Ca G
C—ln.r C—lnr <—1n.r C—ln.r
Ca1 (21
Ca1 C21

In other words, if 7o p is dependent on for example p and qp, then 7 is the “same”
function (disregarding the number of variables) except it is now dependent on qp
and g?p. Similarly, 7 is also the “same” as r except it is now dependent on q~'p
and p. In this way, the shift operators describe time-shifts on the parameter-varying
coefficient functions just like the dot operator describe differentiation in CT (see
Example B13). The shift operators fulfill the following rules for any ry,r, € R:

=7+ and T =7+,

ifr=ri+r, then 7 =7 =
. — —— — ——
ifr=rn then ¥ =rin and ¥ =rin,
— —
if r="1 then 7 =11 and 7 =1,
n n n

Example 3.13 (Shift operators). Consider the coefficient function r given in Exam-

ple 311l Then

T ({Gj}aon) = ifg?;,

For a scheduling trajectory p : R — R?, it holds that

1+ Coi

T{&i}i24) = 1-C 1

_1+p1(k+2) (<—

1+ pik)
=kt 1) op)(k)

Cl=pak—1)
Multiplication on R[&] with & now can be defined through the forward-shift opera-
tor using the non-commutative rule:

(7" op)(k) O

Er=TE, (3.58)

where r € R. With (338) it is possible to show that R[] still defines an Ore alge-
bra [132]. Contrary to the CT case, R[&], with the multiplication rule (338), is a
principle domain but it does not have the simple property (see Sect. 3.1.2.3). These
imply that the general algebraic structure of R[&] remains the same as in the CT
case, except the Jacobson form becomes more involved
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Theorem 3.5 (Jacobson form [41]). Let R € R[E]"™™ ™™ with R # 0 and n =
Rank(R). Then there exist unimodular matrices My € R[E]"*" and M, € R[E]™w>"w
such that

M (E)R(E)M(E) = {Qﬁf) 8] , (3.59)

where Q = Diag(r},...,r,) € R[E]"" with monic non-zero r; € R|&]. Furthermore,
there exist g; € R[E] such that v} | = giri fori=1,...,n—1.

Due to the algebraic structure of R[] ™", the proof of Th.[33]similarly follows as
in Chap. 8.1.]. In this case, Deg, (R) := Deg(r},) in terms of the Jacobson form
B39 of R(E).

Example 3.14 (Jacobson form). Consider

Re= |71 ] Rl

where r is a meromorphic function and & = g. Then the Jacobson form of R is

MEREME =5 v oe o]
with o 0 o 1
GRS R ACE it .

Due to the fact that all required algebraic properties are still satisfied for R[&] the
proof of the injective cogenerator property similarly follows in DT (see Appendix
[A.1). The latter property implies that the theorems, introduced and used in Sect.
also hold in the DT case.

3.1.3.3 Kernel Representations

As a next step, we develop the concept of KR representations of DT-LPV systems
following the same line of discussion as in the CT case.

Definition 3.17 (DT-KR-LPV representation). The parameter-varying difference
equation (3.33) is called a discrete-time kernel representation, denoted by SRk (S),
of the LPV dynamical system S = (Z,R" ,R"W 9B) with scheduling vector p and
signals w, if

B = {(wp) € (R" x R")*| (R(q)o p)w=0}. 0

Obviously the behavior, i.e. all solutions associated with (3.33) corresponds to a
LPV system in terms of Def. 33l On the other hand, in the LPV system class we
consider LPV systems with T = 7Z that have a KR representation, so existence of
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such a representation is explicitly assumed in the following. Additionally, we denote
the DT-KR representation of a CT-LPV dynamical system S = (R, P, R"W 9B) by
Rk (S,Tq), if the DT behavior B’ of this representation is equivalent with B in
terms of for Ty.

The existence of full row rank representations follows directly:

Theorem 3.6 (Existence of full row rank KR representation). Let B be given
with a KR representation (3.33). Then B can also be represented by a R € R[] "W
with full row rank.

The proof is given in Appendix [A]l This theorem is crucial as the concept of min-
imality for KR representations is also based on the full row rank of the associated
matrix polynomials R. (see Sec.[3.2).

3.1.3.4 Input-Output Representations

IO representations are also important for the DT behavioral framework of LPV sys-
tems. Beside system theoretical aspects, this type of representations connects the
developed behavioral theory to IO models used in the-state-of-the-art of LPV sys-
tem identification. In this way, it enables comparison and analysis of 1O identifica-
tion methods. In the following, we define DT-1O representations from the behavioral
point of view, based on the same line of discussion as in the CT case.

For DT-LPV systems, 1O partitions are also characterized by Def. B.11l The
existence of 10 partition (u,y) implies the existence of matrix polynomials Ry €
R[] ™ and R, € R[E]™ ™"V with Ry full rank, such that (3.33) can be written in
a similar form as (3.36). Based on this, it is possible to introduce IO representations
of DT-LPV systems as follows:

Definition 3.18 (DT-LPV-IO representation). The discrete-time 10 representation
of § = (Z,P C R"™ R 9B) with 10 partition (u,y) and scheduling vector p is
denoted by R0 (S) and defined as a parameter-varying difference-equation system

with order n,:
Ny ny,

Y (aiop)a’y = Y (bjop)a’u, (3.60)
i=0 j=0
where a; € R"™*™ and bj € R™ "V with a,, # 0 and by, # 0 are the meromorphic
parameter-varying coefficients of the matrix polynomials Ry (&) = 2?’:0 bj&/ and

full rank Ry (&) = ¥ a;&" with ny > ny, > 0 and n, > 0. O

Note that the coefficient dependencies in Def.[3.18|can be polynomial functions of p.
Thus the behavioral definition of IO representations also contains the deterministic
part of IO models (I.3a) used in LPV system identification (see Sect.[[.3.2.2). By
defining u(k) := u(kTq) and y(k) := y(kTq4), the DT-IO representation, denoted by
Ri0(S,Tq), of a CT-LPV system S with scheduling p and IO partition (u,y) can
similarly be given with equivalent behaviors in terms of under the sampling-
time T4. Note that the discrete-time projection with arbitrary Ty can change the
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validity of the IO partition as dynamic components of the system can be lost due
to slow sampling. Thus, it is important to emphasize that existence of Rjo(S,Tq) is
not guaranteed.

Example 3.15 (10 partition and representation). In Example[3.12] the sampled force
variable wy is still a free variable as it represents the inhomogen part of difference
equation (3.33). Thus the choice of w = [y u]" = [wx wg]' yields a valid IO
partition. With m being the scheduling signal, the discrete-time PV behavior can be
represented in the form of with polynomials

Ry(&) =ap+ar€& +a&?, Ru(&) = by,

which have coefficients:
agop=Tike+p, aiop=-p—qp, @op=qp, boop=Tj.

Obviously, Ry(&) have full rank. This implies that Ry () and Ry (&) define an 10
representation of the model with coefficients as above. (]

Similar to the CT-LPV case, the notion of transfer functions for DT-LPV systems
is not well-defined. The introduction of a viable formulation can be tackled via the
formal series approach of [81]], constructed for DT-SS systems of the LTV case.
However, the extension of this approximative transfer function calculus to the class
of systems considered here is not available. The notion of frozen transfer functions,
frequency responses, impulse responses, poles, and zeros can be similarly defined
for the frozen system set as in the CT case.

3.1.3.5 State-Space Representations

For the discrete-time LPV behavior B, we can also introduce latent variables with
the property of state (see Def. 3.13). Existence of latent variable representations
with equivalent LPV manifest behaviors is guaranteed in the DT case as Th. 3.4
holds regardless wether & is associated with q or gt (see Example 3.16). Similarly,
Def.[3.13]of the property of state also applies in the DT case with the exception that
continuity of w1 and wy 5 is not required. Furthermore, the elimination property
also applies for the DT case.

Example 3.16 (Latent variable representation). By considering the DT system in
Example with scheduling p = m and PP = [1,2], the following latent variable
representation of the model has the same manifest behavior:

(-=p—q7'p) O q|we. 3.61)

Tike+p T3 q 0
=15
(—a7'p) O 0 1

WF
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This can be proved by substituting the third row of (3.:61)) into the second row, giving

w1 = (p+q ' p)wx — pqwx.

Substitution of the previous equation into the first row of (3.61) gives a PV differ-
ence equation in the variables wx and wg, which is equal to (3.53). Note, that any
wi € (R?)7 satisfying (3.61) trivially fulfills the property of state. O

Now we can introduce SS representations of DT-LPV systems as follows:

Definition 3.19 (DT-LPV-SS representation). The discrete-time state-space repre-
sentation of § = (Z,P C R"» R"0*"Y 9B8) with scheduling vector p is denoted by
MRss(S) and defined as a first-order parameter-varying difference equation system
in the latent variable x : Z — X:

qx = (Aop)x+ (Bop)u, (3.62a)
y = (Cop)x+(Dop)u, (3.62b)

where (u,y) is the IO partition of S, x is the state-vector, X = R"X is the state-space,

B — {(u,x,y,p) € (Ux X x Y x P)Z | (B62a-b) holds} :

is the full behavior of (3.62a-b), B is equal to the manifest behavior of (3.62d-b),
ie. B = ”(uy,p%SS, and
A B RnxXﬂX RnxXVlU
C D Rannx RannU |:|

Again, in the full behavior Bgg the latent variable x trivially fulfills the state prop-
erty. Also the class of SS representations formulated by Def. contains the SS
models used in LPV system identification as the coefficient dependencies in the be-
havioral definition can be linear functions of p. This enables the analysis and com-
parison of the results of LPV-SS system identification. The DT-SS representation
of a CT-LPV dynamical system S = (R,P,R"*" B) is denoted as Rss(S,Tq),
where the manifest behavior of fgs(S,Tq) is equivalent in terms of with
B under the sampling-time Tq. As before, existence of such representations is not
guaranteed for arbitrary Ty.

Example 3.17 (SS representation). Continuing Example [3.16] the LPV state-space
representation of the model follows by taking [y u]" = [wx wr]" as the 1O parti-
tion and x = wy, as the state:

oo Tiks+p —T3] [»
qx = {1 O])H_ [—p—q_lp 0 Ak (3.63)
y= [0 _ql,lp}x. (3.64)
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By substitution of the second equation into the first one, the state equation in the
form of (3.624) results, while the second equation gives the output equation in the
form of (3.62b). Thus, the corresponding SS representation is

p+T3ks T2

I

Aop Bop T 0
Cop Dop q'p O

0 qj}p 0

Similar to LPV-10 representations, the notion of transfer function, frequency re-
sponse, and impulse response can only be defined in a frozen sense for LPV-SS
representations.

3.2 Equivalence Classes and Relations

In this section, we continue the introduction of the LPV behavioral framework by
defining equivalence relations and classes for the introduced representation forms.
These are essential aspects of the theory as they characterize which representations
describe the same system, providing tools to compare and analyze representation
capabilities/validity of LPV models for identification. First we define equality of be-
haviors and investigate why this equality needs to be understood in an almost every-
where. Then, we define equivalency, equivalence relations and equivalence classes
of all representation forms together with the concept of minimality and canonical
forms. To do so, we introduce key theorems of left/right side unimodular transfor-
mations.

The most important concept to begin with is to define equality with respect to
behaviors of PV systems.

Definition 3.20 (Equal behaviors of PV systems). Let 8,8, C (W x P)T with
W =R"W, P C R"P, and with T equal to either R or Z. We call 98 and B, equal, if
in case of T = R:

(w,p) €B1NCT(R,W X P) < (w,p) € BrNCT(R,W x P),
or in the discrete-time case (T = Z):

(w,p) € B < (w,p) € Boy. O

Two systems are called equal if they have equal behaviors. However, it is important
to remark that Def.[3.20establishes the concept of equal behaviors in terms of inter-
nal, and hence not external equality. This means, that even if two LPV systems have
the same behavior in terms of 10 signals for a particular 1O partition, they are not
necessarily equal as their scheduling signals or latent variables can differ. In case of
systems with latent variables, equality can be defined in terms of the equality of the
manifest behaviors (see Def.[3.29). On the other hand, there also exist systems with
equal signal behavior and isomorphic projected scheduling behavior (see Example
B.18). However, due to technical reasons, we do not consider such systems to be
equal in the sequel.
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Example 3.18 (Equal PV behaviors). Consider the varying-mass and spring system
of Example 3.1l with m as the scheduling function. We have seen in Example 3.4]
that the PV differential equation (KR representation)

d \d d?
kewi —wp + <dtp> dth +pdt2W1 =0. (3.65)

is basically the same as the differential equation (3.7)) describing the behavior of
the varying-mass and spring system. Based on the equivalence of the differential
equations, the associated LPV behaviors are also equal. Now consider the latent
variable representation in Example The behavior associated with is not
equal with the associated behavior of (3.41)), as in the latter case the trajectories of
the latent variable are part of the behavior. Another example of inequality is

d \d N
kswi —wo — dtp dIWI + (1 —p) a2 wy; =0. (3.66)

with a scheduling variable p = 1 — m. In this case, the solution trajectories of w for
this KR representation are the same as for (3.63)), but the behaviors are not equal
due to the different scheduling function. (]

3.2.1 Equivalent Kernel Representations

According to the LTI case, Rj,R, € R[&] are expected to define an equal behavior
if they are equivalent up to multiplication by a » € R, r # 0. However, r can be a
rational function for which (r¢ p)(¢) is unbounded for some scheduling trajectories
p andt € T. The behavior of a kernel representation is defined to contain only those
trajectories of p for which a (weak) solution exists and is well defined. The latter
is guaranteed by the boundedness of r ¢ p. In this way, the behavior (solutions) of
R, is equal with the behavior of Ry(&) = rR; (&) except for those trajectories for
which r¢ p is unbounded. To consider equality of LPV-KR representations with this
phenomenon of singularity in mind, we define the restriction of B8 C (W x P)T to
%p C Bp as

%|%P={(W,p)€%|p€%p}. (3.67)

The equivalence of LPV-KR representations can now be introduced in an almost-
everywhere sensélk:

Definition 3.21 (Equivalent KR representations). Two kernel representations with
polynomials R, R’ € R[], P = R" and behaviors B, 8’ C LI¢(R,R"" x R"?)
(or B,B' C (R™ x R™)% in discrete-time) are called equivalent if B ‘%pﬂ%ﬁm:
B’ “Bpﬂ‘pr’ i.e. their behaviors are equal for all possible mutually valid trajectories

4 Technically, equivalence of KR representations can be considered in a more complicated
setting without the need of the almost-everywhere concept. However, this requires the use
of a so-called extended solution set (see the proofs in Appendix [A.T). To avoid the use of
a too technical language, these details are only presented in the Appendix.
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of p. If equality holds with B[, = Bp, then the equivalence of the representations is
called full equivalence. O

Example 3.19 (Almost everywhere equivalence). By continuing Example 3.18] the
KR representation

ko1 1/(d dw+d2W_0
p! 17217dtpdt1 a2t

has the same weak solutions as (3.63) except for those trajectories of p = m, where
m(t) = 0 for some ¢ € T. Thus, this KR representation and (3.63)) are equivalent in
the almost everywhere sense. (]

The existence of equivalent KR equations implies, similar to the LTI case, that rep-
resentations of PV dynamical systems are non-unique. Thus, we need to character-
ize when two KR representations define the same behavior. This characterization
follows trough left/right unimodular transformations just like in the LTI case (see
[230]). To extend these theories to the LPV case, we use the concept of unimodular
matrices in R[] and the Jacobson form introduced in Sec. Based on these
concepts it is possible to show that the following theorem holds in the LPV case:

Theorem 3.7 (Left-side unimodular transformation). Letr R € R[E|"™ " and
M € R[E)™ ™ with M unimodular. For a given scheduling dimension np, define
R(&) :=M(&E)R(&). Denote the behaviors corresponding to R and R’ by B and B’
with scheduling space P C R™ and signal space W = R"W. Then B and B’ are
equal (almost everywhere).

The proof is given in Appendix [AT]l Furthermore, if R € R[£]""W is not full row
rank, i.e. Rank(R) = n < ny, then there exists an unimodular M € R[E]"™*"r such
that

mre) = <. (3.68)

where R’ € R[E]"*"W is full row rank and the corresponding behaviors are equal
in terms of Th. 3.7l Note that this theorem establishes the concept when two rep-
resentations can be considered equivalent. However, to establish equivalency of SS
representations or latent variable systems, we require the concept of right-side uni-
modular transformation. It can be shown that the following theorem holds:

Theorem 3.8 (Right-side unimodular transformation). Let R € R[E]"™ "W and
M € RIE™ ™™ with M unimodular. Denote the behaviors defined by R and
R'(&):=R(E)M(&) as B and B’ with scheduling domain P C R"? and signal space
W=R". If T =R, then BNC7(R,W x P) and B’ NC=(R,W x P) are isomor-
phic in the almost everywhere sense. If T = Z, then B and B’ are isomorphic in the
almost everywhere sense.

The proof is given in Appendix[A_1] It is important that right-side unimodular trans-
formations do not change the underlying relation between the system signals nor the
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projected scheduling behavior, but they do change the system signals, the trajecto-
ries of the behavior.

With all the required tools established, it is now possible to introduce the notion
of equivalence relation for LPV kernel representations. This relation is the key to
characterize the set of equivalent representations of the same behavior, which we
call an equivalence class. In the LPV case, the scheduling dimension np plays an
important role in R[] as it determines the exact coefficient dependence and also
how the dot or shift operators behave on R. Thus, an equivalence relation must be
dependent on np. Based on this, the following definition is given:

Definition 3.22 (LPV Equivalence relation). Introduce the symbol % to denote
the equivalence relation on [JR[E] " (all polynomial matrices with finite dimen-
sion) for an np-dimensional scheduling space. R € R[E]""W and R, € R[E]™2*"W
with ny > nj are called equivalent, i.e. R; < R, if there exists a unimodular matrix
function M € R[E]"1"™ such that

ny
ng—ny’

M(E)R: (&) (3.69)

O

I
—
=
[\S]
S~
[y
~—
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> >

This implies that if Ry < R», then the corresponding behaviors with P C R and

W =R"W are equal (almost everywhere). Using £ we can define equivalence classes
as follows:

Definition 3.23 (LPV Equivalence class). For a given scheduling dimension np,
the set & C |JR[E] ™ is called an equivalence class, if it is a maximal subset of

URIE] ™ such that for all R, R, € & it holds that Ry " R,. O

An equivalence class defines the set of all KR representations which have equal
behavior. An important subset of an equivalence class are the so-called minimal
representations:

Definition 3.24 (Minimality). Let R € R[£]"*"W. Then R is called minimal if it
has full row rank, i.e. Rank(R) = n,. O

Based on the concept of minimality with respect to KR representations and the
Jacobson form, we can also define the order of the system, i.e. the required minimal
number of state variables in a SS realization of Rk (S).

Definition 3.25 (Minimal degree of a KR representation). Consider a minimal
Rk (S) described by a full row rank R € R[E]"*™W. Let R(§) = [R'(§) R"(§)]
where R’ € R[E]""r has full column rank. Note that such form can always be
obtained by the permutation of the signal variables and it is not unique. Consider
ngeg := Deg, (R") associated with the Jacobson form (see Th. [3.1] and of R'.
Assume that R’ is chosen with respect to R such that ngee is maximal. Then ngeg is
called the minimal degree of Rk (S). O

It follows from Th. 37 that all KR representations in the equivalence class of
PRk (S) have the same minimal degree ngeg. It can also be shown that this degree
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is equal to the required minimal number of state variables in a SS realization of
PRk (S), hence ngee can be considered as the order, i.e. McMillan degree of S. It
is also important to consider the subclass of representations, so-called canonical
forms, that can uniquely characterize each equivalence class:

Definition 3.26 (Canonical forms). For a given scheduling dimension np, &y C
URIE] ™ is called a set of canonical forms if each element of | JR[E] * is equiv-

alent under ~ with only one element of ELE . (&4 is the class representative of
UR[E] under ). O

Example 3.20 (LPV equivalence relation and minimality). Let the KR representa-
tion Rk (S) of an CT-LPV system S with P C R given by

[(Sin(p)p—COS(p))ip 0 ]+{—005(p)p —l]éJ{—l 0} g2,

1
P cos(p) cosp) Y 0 0

R(G)op=
Then, there exists a unimodular matrix M € R[E]>*? with

mEop= || nip | 5t IERE) op =

1 cos(p)§ —sin(p) g p

p+cosl(p)§ cosl(p) .
0 0

Note that this result is obtained by using (3.32), i.e r = 7+ r&, so

1 sin(p) [d 1
£ o) = cotty) (&?) * osr

From Th. Bt follows that R ~ R’ where [(RYT(E) 0]T = M(E)R(E). Further-
more, Rank(R’) = 1 implies that Rank(R) = 1, hence R’ is minimal while R is not.
By computing ngeg of R', it follows that the McMillan degree of S is 1. (]

3.2.2 Equivalent 10 Representations

The introduced concepts generalize to LPV-IO representations as well:

Definition 3.27 (Equivalence relation of LPV-1O representations). Let (Ry,Ry)
and (Ry,R;,) be LPV-IO representations (see Def. in CT and Def.[3.18]in DT)
with the same input and output dimensions (ny,ny). For a given scheduling dimen-
sion np, we call (Ry,Ry) and (Ry,Ry,) equivalent

if there exists a unimodular matrix M € R[E]"Y*"Y such that

Ry(E) =M(E)Ry(E) and R,(E) =M(E)Ru(E). (3.71)
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Definition 3.28 (Minimal LPV-IO representation). An 1O representation defined
through Ry € R[E]™ " and R, € R[E]"*" is called minimal for a given schedul-
ing dimension np, if there are no polynomials Ry € R[E]™*"Y and R}, € R[E]" "V
with Deg(Ry) < Deg(Ry) such that

(R)’7Ru) ’in (R;MR{I)’ U

Using the 10 equivalence relation and minimality, the definition of IO equivalence
classes and canonical forms follows naturally. In the IO case, the McMillan degree
is equal to ngee = Deg, (Ry) associated with the Jacobson form of Ry.

Example 3.21 (LPV-10 equivalence relation and minimality). Let the 10 represen-
tation Ro(S) of an CT-LPV system S with P C R be given by

_ sin®(p)& sin?(p)p
Ry(§)op = [—200'[(1?)(?,175 —& (1-p)E-3pQ1 —|—200t(p)p)} ’

B sin’(p)
Ry(§)op = [p—2c0t(p§)§fp—é} .

2x2

Then, there exists a unimodular matrix M € R[E]=** given by

sin?
M(&)op = [ 21“’)6
sin“(p)

| (1)] ) (M(é)Ry(é))opF ).

which can be verified by using

d

-2

sin = 2cot +q.

i’ () &sin”(p) () 4,7 g

This implies that (Ry,R,) = (MRy,MR,) and (Ry,R,) are equivalent for np = 1 in
terms of Th.[3.71 From Def.[3.28]it follows that Rio (S) is not minimal as Deg(Ry ) =
2 is greater than Deg(Ry{) = 1. On the other hand, it is trivial that (Ry,R;) defines a

minimal IO representation of S. By computing the Jacobson form of R’y it follows
that the McMillan degree of S is 1. ]

3.2.3 Equivalent State-space Representations

We can also generalize the introduced concepts to LPV-SS representations. To do so,
we first have to clarify state-transformation in the LPV case which is an important
ingredient to formulate equivalence relations of SS representations.

By definition, the full behavior of a fRss(S) is represented by a zero-order and
a first-order polynomial matrix Ry € R[E]"*("v*"0) and Ry € R[E]"™*"* in the
form of
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(Rw (&) o p)Col(u,y) = (RL(S) o p)x (3.72)

where & is either q or gf, (u,y) is an IO partition of S, x is the state variable of
MRss(S), and p is the scheduling signal. Similar to the LTI case, left and right side
multiplication of Ry and Ry with unimodular M; € R[] and M, € R[&E]"x*"x
leads to

Ry (&) =Mi(E)R(E), R(§)=Mi(E)RL(E)M(E). (3.73)

In terms of Th.[3.7]and[3.8] the resulting polynomials R and R define an equivalent
latent variable representation of S. The new latent variable, given by

F

X =(My(&)op)x, (3.74)

fulfills the property of state as M;' is unimodular. To guarantee that the resulting
latent variable representation qualifies as a SS representation, R| needs to be monic
and Deg(R{y ) = 0 with Deg(R] ) = 1 must be satisfied. This implies that the unimod-
ular matrices must have zero order, i.e. M; € R™*" and M, € R"™<*"%_and M| has
a special structure in order to guarantee that Ry, and R| correspond to an equivalent
SS representation. In that case, (3.74) is called a state-transformation and T = M;
is called the state-transformation matrix resulting in

x' = (T op)x. (3.75)

A major difference with respect to LTI state-transformations is that, in the LPV case,
T is inherently dependent on p and this dependence is dynamic, i.e. T € R™ "X,
Additionally, it can be shown that an invertible 7 € R"**"% used as a state-
transformation is always equivalent with a right and left-side multiplication by uni-
modular matrix functions yielding a valid SS representation of the LPV system.
This is proved by the algebraic equivalency, see (3.73), of the original and the new
state variables [172]. The converse, namely that the state variables of any two SS
representations of the same LPV system are algebraically equivalent up to a state-
transformation, follows directly from Th.[3.7]and 3.8 Based on this, two SS repre-
sentations are equivalent if and only if their states can be related via an invertible
state-transformation (3.73).

Similar to the LTT case, the SS representation, resulting from the state-transfor-
mation of Rss(S), can be analytically computed from the meromorphic matrices
of Rgs(S). However, different commutation rules in R[£] for the continuous and
discrete-time cases yield different consequences with respect to the system matrices.
Let Rgs(S) be a given LPV-SS representation with X = R"X and state-equation

Ex=(Aop)x+ (Bop)u. (3.76)

Let T € R be an invertible matrix function and consider x’, given by (Z.73),
as a new state variable. It is immediate that substitution of (3./73)) into (3.76) yields

E(T  op)x =(Aop)(T 'op)X + (Bop)u. (3.77)
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In the continuous-time case, the multiplication by & = § in (3.77) yields:

d ,
= (TAT' +TT ") o p)x' + ((TB) o p)u. (3.78)
Here we use the fact that 77! = —T7T~!. In the discrete-time case, the multiplica-
tion by & = q in B.ZD) gives:
/ = ap—1 / -
qx :((TAT )op)x—i—((TB)op)u. (3.79)

In both cases the new state-equation defines a LPV-SS representation with state-
vector x'. Note that, due to the different commutation rules of the time-operators,
the transformation rules of the original system matrices are different in the CT and
in the DT cases. Now we can give the following definition of equivalence classes:

Definition 3.29 (Equivalence relation of LPV-SS representations). Consider two
LPV-SS representations with SS matrices (A;,B1,C1,D;) and (A3,B2,C2,D5) in
R ™ where A} € RM>*™M and Ay € R"™*" and n; > ny. For a given scheduling
dimension np, these representations are called equivalent,

Ay By |mp | Ay By
|:C1 D1:| |:C2 D2:|7 (3.30)

if there exists an invertible 7 € R"*" such that in case of T = R the following
holds:

TA\T '+ 777! = |:A2 0} , TBy = [Bz], L m
* % I ni—m (3.81a)

GT'=[C 0], Dy =D,

while in case of T = Z:

Ta, T = {Az O] 7 B, — {Bz}’ 1 m
* ok 7] m-m (3.81b)
C1T71 = [Cz 0], Dy = D;,. O

Based on the previous considerations, the existence of a state-transformation 7" be-
tween the matrices of two SS representations implies that they have the same mani-
fest behavior. Furthermore, the states are related as

(Top)()x(t) = {"{E’)], % g, VET (3.82)

From the concept of LPV-SS equivalence the concept of minimality directly
follows:

Definition 3.30 (Minimal LPV-SS representation). For a given scheduling dimen-
sion np, an SS representation defined through the matrix functions (A,B,C,D) is
called minimal if there exist no (A", B’,C’, D’) with n < nx such that
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A B np Al B/
C D ¢ D -
Again, using the concept of SS equivalence relation and minimality, the definition

of LPV-SS equivalence classes and canonical forms follows naturally. In addition,
the state-dimension nx of a minimal fRgs(S) is equal to the McMillan degree of S.

Example 3.22 (LPV-SS equivalence relation and minimality). Consider the LPV-
SS representation derived in Example .17l Let 7 € R>*? be an invertible state-
transformation defined by
KN
Top= 0 — _11 .
q'p

Then |
- —1 q_p:| — |:—1 —1:|
T 1<> = _ 5 Top= )
implying
= = 1 —Tik T4
op=1|,
cT! D o 1 0

The obtained SS representation is an equivalent minimal SS representation of S as it
is in an equivalence relation with fRgs(S) and its state dimension is the same. Note
that this realization has only static dependence. (]

3.3 Properties of LPV Systems and Representations

In the previous section we have developed the basics of a LPV behavioral frame-
work. In order to use this framework as an analysis tool for LPV system identifi-
cation, we also need to investigate key properties of systems and representations in
terms of dynamic stability and state-observability/reachability. We analyze in this
section these concepts using the results of LTV system theory. We also compare
the developed results with their counterparts in the existing LPV theory. As the
developed behavioral approach addresses a larger set of LPV systems than the state-
of-the-art of LPV system theory, the existing LPV concepts follow as special cases
of the theory presented in this section.

3.3.1 State-Observability and Reachability

The concepts of state-observability and reachability of LPV-SS system representa-
tions are important properties in the LPV case. They are not only key concepts for
control and subspace-based identification, but they also provide the formulation of
special SS canonical forms. These so-called observability or reachability canoni-
cal forms are strongly connected to the observability and reachability matrices of
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SS representations and they are required to develop equivalence transformation be-
tween different representation domains (see Chap. [).

In the following discussion, we explore complete state-observability and reacha-
bilityﬁ of LPV-SS representations both in CT and DT, based on concepts of the LTV
system theory. We show that these properties are equivalent with the existence of in-
vertible linear maps for all time instances and scheduling trajectories. Based on this,
we define observability and reachability matrices of SS representations. We show
that complete state-observability and reachability are very strong properties in the
LPV case as only a rather restricted class of representations fulfills them. Moreover,
they are not required for minimality nor the generation of observability or reach-
ability canonical forms. We show that a weaker property, the so-called structural
state-observability/reachability, which defines the state-observability/reachability
concept in an almost everywhere sense, is a necessary and sufficient property to
generate these canonical forms.

As a first step, we extended the behavioral definitions of complete state-observ-
ability and reachability (see [231]]) to the LPV case:

Definition 3.31 (Complete LPV state-observability). 5ss(S) is called completely
state-observable, if for all (u,x,y, p), (u,x',y, p) € Bss it holds that x = . O

Definition 3.32 (Complete LPV state-reachability). Rgs(S) is called completely
state-reachable, if for any given two states x;,x> € X and any scheduling signal p €
Bp, there exist an input signal u and an output signal y such that (u,x,y, p) € Bss
with x(f1) = x; and x(fp) = %, for some 71,2, € T. O

The main difference of these definitions with respect to the LTI case follows from
the presence of the scheduling signal p that acts as an extra “time-axis” of the sys-
tem. By freezing this axis, i.e. using a constant scheduling, these concepts coincide
with the original LTI definitions (see [146])). To establish conditions when an LPV-
SS representation is completely state-observable or reachable, as a next step, the
concept of state-observability and reachability matrices is introduced. Appropriate
conditions are derived to formulate when and in which sense the full rank of these
matrices implies complete state-observability or reachability. However, the formu-
lation of these matrices follows a different track than in the LTI case, due to the
non-commutative multiplication on R[&].

3.3.1.1 State-Observability in Continuous-Time

First the CT observability case is investigated based on the results of LTV sys-
tem theory by and [33]. Using these approaches, we establish the concept
of state-observability of Jss(S) on a finite time interval and show that this prop-
erty is equivalent with the existence of an invertible linear map. Then we define

3> Note that in many text-books, reachability is also called controllability. As in DT, some-
times controllability is identified as state-stabilizability, usually much confusion rises
around this term. To avoid this problem, here the terminology of reachability is used.
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this linear map as the state-observability matrix of fgsg(S) and claim that state-
observability (invertibility of the map) on any finite time interval implies complete
state-observability.

For a given continuous-time LPV-SS representation Rgs(S) with matrix func-
tions (A,B,C,D), define (t1,f, p) as the state transition matrix function for x =
(A ¢ p)x. Then the state and output evolution of Jgs(S) satisfy that

5

x(t1) = Altr 1o, p)x(o) + | A1, .p)(Bop)(Du(t) dr,  (3.83a)

fo

y(11) = (Cop)(n)x(n), (3.83b)

for all #; > #( along a given scheduling trajectory p € Bp. For LPV-SS represen-
tations in general, the explicit form of 2l(t;,7y, p) is hard to derive as it involves
integration over the scheduling trajectory, while in the LTI case, 2(t;, 1) = (11,
Complete state-observability of fRgs(S) can be described using the concept of
reconstructibility. For a given p € ‘Bp, define the following linear map from X to

£([t0,11), Y):
¥(t) = (Cop)(t)A(t,10,p)x, x€X, 1€ [to,11]. (3.84)

~ ~ -
(1)

For the given p € Bp, the mapping y(t) = €(z)x defines the output evolution of
MRss(S) on the finite interval [fo,7;] C R with initial state x(7p) = x and with zero
input signal u = 0. The state x € X is said to be reconstructible on [fo, 7], if x lies in
the kernel of the linear map (3.84). This means that if (3:84) is injective, then every
state is reconstructible on [fg, #1]. If (3.84) is injective for every p € Bp, then Rgs(S)
is called state-observable on [tg,(]. It is easy to show that Rgs(S) is completely
state-observable, if it is state-observable for any finite interval of R. Now we can
introduce the following matrix function to describe the map (3.84):

Definition 3.33 (n-step CT state-observability matrix function, [175]). In con-
tinuous time, the n-step state-observability matrix function of Pgs(S) is defined as
0, € RUm)*n% with

Ou=1[0] o ... of]", (3.85)

where o; = C and
0j+1 = 0jA+0;, i>1. (3.86)
O

The n-step state-observability matrix function has a similar role as the state-ob-
servability matrix for LTI representations, as in case of complete state-observability,
it provides an invertible map for the reconstruction of the state from the derivatives
of y.

Example 3.23 (CT state-observability matrix function). Let the SS representation
Rss(8S) of a CT-LPV system S with P C R be given by
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11
ABo—glp
cp |°PT | »

Lpp

Then the observability matrices of PRss(S) for n = 1,2,3 are as follows:

1 p
1 d
Orop=[1 p|, Or0op= L’ 2+pdp:|7 Ozop= P 2+22+4d'dzp .
@ gp+pt T p
These matrices were computed by using:
. o d . o 2
orop=1[0 gpl, oop= {3,17 ((11,217}' 0

Based on the LTI case, one could expect that full rank of O,,, i.e. Rank(Onx) =
nx (full rank in a functional sense), is the necessary and sufficient condition for
complete state-observability. However, this not true in the LPV case. It can also
be shown that instead of the functional full rank, full rank of O, for every time
instance along every scheduling trajectory, i.e. Rank((O,y ¢ p)(t)) = nx forall t €
R and p € Bp, is a sufficient but not a necessary condition for complete state-
observability. To show this and to derive the sufficient and necessary condition for
complete state-observability, first introduce a weaker notion of state-observability:

Definition 3.34 (Structural state-observability). Rss(S) with state-dimension nx
is called structurally state-observable if its nx-step observability matrix Oy, is full
(column) rank, i.e. Rank (O, ) = nx. |

Note that full rank in a functional sense, does not guarantee that O, is invertible
for all + € R and p € Bp. Therefore, for specific scheduling trajectories and time
instances, reconstructibility of state x by the linear map O, is not guaranteed. In
this way, complete state-observability is not implied. Even if reconstructibility may
fail for some scheduling trajectories, for the rest state-observability holds on R. This
gives that structural observability can be understood as complete state-observability
in an almost everywhere sense. In the following we show that in fact structural state-
observability is a necessary condition for complete state-observability.

To derive the appropriate conditions for complete state-observability the follow-
ing lemma has a key importance:

Lemma 3.2 (Constant observability rank, [175]). Let a representation Rss(S) be
given with a projected scheduling behavior Bp and observability matrices O,. For
a scheduling trajectory p € Byp, it holds that, if there exists n > 0 such that

Rank((0, ¢ p)(7)) =Rank((0,110p)(1)) =7, (3.87)

forall T € T, then Rank((O;0p)(1)) =y foralll > nand t € T.
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The proof is given in [173]. The minimal n > 0, for which (3.87) holds, is called
the observability radius of PRgss(S) with respect to the scheduling trajectory p. This
lemma has the obvious consequence that for a given p € Bp, if the ranks of O, ¢
p and O, ¢ p are constant and equal along the entire trajectory of p, then the
rank of O; ¢ p remains constant for all / > n. Contrary to the LTI case, it is not
guaranteed that the rank of O, ¢ p is equal to the rank of O, ¢ p for all ¢, i.e.
the observability radius is smaller or equal than nx. As the observability radius can
vary for each trajectory of p, the introduction of the notion of constant observability
rank representation is required:

Definition 3.35 (Constant observability rank representation, [175]). A fss(S)
representation has constant observability rank if there existan € {1,...,nx} and a
[ > 0 such that

Rank((0,¢p)(7)) =Rank((O,410p)(7)) =1 < nx, (3.88)
forall peBpand 7 € T. O

Example 3.24 (CT non-constant observability rank representation). For Example
B23it holds, that Rank((O, ¢ p)(t)) = 2 for all possible scheduling signals and time
instances, except when for a7 € R the scheduling signal satisfies p* (1) =2+ éit p(1).
At that time instant, Rank((O, ¢ p)(¢)) = 1. Hence it is not a constant observability
rank representation, but its minimal observability radius is 1. For a constant observ-
ability rank representation see Example [3.23] O

Using the previously introduced concepts the following theorem holds:

Theorem 3.9 (Induced complete LPV state-observability in CT, [174]). The CT-
LPV-SS representation Rss(S) is completely state-observable, iff for every p €
C=(R,P) N Bp there exists a 0 < n < oo such that Rank((0, ¢ p)(t)) = nx for all
t € R. If Rss(S) is a constant observability rank representation, then the condition
is Rank((Opy ¢ p)(t)) = nx forallt € R.

The proof follows similarly as in [174]. The clear interpretation of this result is
important. If a LPV-SS representation is completely state-observable, then it is not
guaranteed that the reconstruction of the state is available for every time instance
through the linear map (O, ¢ p)(t), as it is not injective. It can happen that this
property is only satisfied for n > nx. In case PRss(S) is a constant observability
rank representation, then, similar to the LTI case, full rank of (O, ¢ p)(r) along
every p € Bp guarantees complete state-observability. For an SS representation with
complete state-observability, see Example[3.23]

It can be shown that the class of LPV-SS representations with constant ob-
servability rank includes the class of LTI-SS representations, similar to the LTV
case [172]. In LPV control design, instead of observability, the so-called detectabil-
ity of the state is investigated together with stabilizibility [96]. These concepts are
formulated in a quadratic sense, similar to quadratic Lyapunov stability (see later
in Sect.[3.3.2)). It can be shown that if quadratic detectability is satisfied for a LPV-
SS representation with static linear dependence, then it is a necessary condition in
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terms of Th.[3.9lfor complete state-observability. In the existing LPV system theory
the notion of complete-state observability is only considered in [[I0], where invariant
observability subspaces of LPV-SS representations with static linear dependence are
explored using the concepts of nonlinear system theory. However, the connection of
these results to Th.[3.9]is currently not fully understood.

Example 3.25 (CT complete state-observability). Let the SS representation Rgs(S)
of an CT-LPV system S with P = [, ;] be given by

d
A B tan.(p)dlp 01
op= sin(p) 2 1
C D
cos(p) 1 0
Then it follows that )
__|cos(p) 1
O20p = {sin(p) 2]’
As cos(p) # 2sin(p) on P, O, has a constant rank of 2 for all p € Bp andt € R .
This means that Rgs(S) is completely state observable on PP. ]

In case Rank(O,; ) = nx is satisfied, i.e. the SS representation is structurally state-
observable, then it holds that Rank((O, ¢ p)(t)) = nx for all r € R except for some
p € C=(R,P)NBp. Then it is obvious that structural state-observability is a nec-
essary condition for complete state-observability (see Example [3.26). This claim is
also proved in [172]].

Example 3.26 (Structural state-observability). The representation defined in Exam-
ple.23has been shown to be not completely state-observable as min,cg Rank((O5¢
p)(t)) = 1 for scheduling trajectories that satisfy p?(¢) = 2+ ip(t) atatreR
However, it is obvious that it is completely observable for all other scheduling
trajectories, as Rank(Q;) = 2 in the functional sense. This implies complete state-
observability of the representation in an almost everywhere sense, i.e. the represen-
tation defined in Example[3.23lis structurally state-observable. (]

To check complete state-observability of a given Rgs(S), an iterative computation
strategy must be applied in terms of Th. checking the rank of O; ¢ p for in-
creasing [ > 0. In step [ of this iterative scheme, computation of the minimum of
Rank((Q;0p)(t)) forall p € Bp and ¢ € R is required which is usually an infinite di-
mensional and hence unsolvable optimization problem. An approximative solution
may follow through the parametrization of p like polynomial, piecewise continuous,
periodical, etc. and then using this parameterized scheduling to set up a feasibility
problem for the full rank of the matrix function on a large interval of R. If in itera-
tion step [ it holds that Rank((O; ¢ p)(¢)) = Rank((Q;_ ¢ p)(¢)) for all p € Bp and
t € R, then the observability rank of the representation is found. As this condition
cannot be checked in a non-conservative sense, the iterative scheme can only prove
complete state-observability if full rank of O; ¢ p can be shown in a computationally
feasible number of steps.

On the other hand, the rank test for structural state-observability can be accom-
plished in the SISO case based on symbolic computation of the determinant of O,
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In case the result is a non-zero function, then structural state-observability is satis-
fied. In the MIMO case, full rank of O, can be checked by forming square matrices
from the rows of O, using all possible combinations and checking if any of the de-
terminants of these matrices is non-zero.

3.3.1.2 State-Reachability in Continuous-Time

The concepts introduced in the observability case can be similarly introduced in
the reachability sense. The only difference is that to show the results, instead of
state-reconstructibility, we need to introduce the so-called reachability map. By in-
troducing this map, we develop the analog of the results of the observability case.

In terms of Def. reachability of an LPV representation represents the abil-
ity to transfer an arbitrary initial state to an arbitrary target state of X in case of
any scheduling trajectory. This can be explained using controllability maps between
the space of input signals and the state-space X. For a given p € Bp, define the
following linear map from £1°([t2,1,],U) to X :

x= [ 9t 7, p)B(p(D)u(t)dT, xE€X, 1€ o] (3.89)

fp

For the given p, the mapping defines the state evolution of PRgs(S) in the
finite interval [to,#] for an initial condition x(tp) = 0 and input u € £1°°([ty,#,],U).
The state x € X is said to be controllable on [f,#], if x lies in the image of the
linear map (3.89). Note that in case of initial condition x(fy) = xo and target state
x(t1) = x1, linearity of the signal behavior implies that the input u € £1°([ty,;],U)
which satisfies for x = x; —A(t1, 19, p)xo, transfers the state xo to x; in [f9,].
This means that if is surjective, then every state can be reached from an
arbitrary state in the time-interval [r,#;]. If is surjective for every p € Bp,
then Mgs(S) is called state-reachable on [tg,]. It is easy to show that Rss(S) is
completely state-reachable, if it is state-observable for any finite interval in R. Now
we can introduce the following matrix function to describe the linear map (3.89):

Definition 3.36 (n-step CT state-reachability matrix function, [175]). In continu-
ous-time, the n-step state-reachability matrix function of Rsg(S) is defined as R, €
R (m0) with

R, = [rl r ... rn], (3.90)

where r| = B and
riy1 =—Ari+1;, i>1. (3.91)
O

The n-step state-reachability matrix function has similar role as the state-reachabi-
lity matrix for LTI representations.

Example 3.27 (CT state-reachability matrix function). Consider the LPV-SS repre-
sentation Rgs (S) defined in Example[3.23l The reachability matrices of Rgs(S) for
n=1,2,3 are as follows:



3.3 Properties of LPV Systems and Representations 87

1 1 -2 I =2p 1+42p*-3§p
Rl<>p=[p],9%z<>p={p d fl],ﬂ%ozmlp d d e

- 2
arP ar—1 F G

These matrices were computed by using:

. d T . d 42 T
trop=[0 Gp] . r2°1’:[_2dzl’ d.rzp} : O

We can also introduce the notion of structural state-reachability:

Definition 3.37 (Structural state-reachability). Rgss(S) with state-dimension nx
is called structurally state-reachable if its nx-step reachability matrix R, is full
(row) rank, i.e. Rank(R, ) = nx. O

Moreover, it can be shown that Lemma[3.2] holds also for R,,, implying all the prop-
erties that have been noted in the observability case [[175]]. Similarly we can intro-
duce the reachability radius of a given SS representation with respect to a scheduling
signal p € Bp. As the reachability radius can vary for each trajectory of p, thus the
notion of constant reachability rank representation is introduced:

Definition 3.38 (Constant reachability rank representation, [175]). A PRss(S)
representation has constant reachability rank if there existan € {1,...,nx} and a
[ > 0 such that

Rank((R, ¢ p)(7)) = Rank((R,410p)(7)) =1 < nx, (3.92)
forall peBpand 7 € T. O

Example 3.28 (CT non-constant reachability rank representation). In Example 3.27]
it holds that Rank((R,¢)p(¢)) = 2 for all possible scheduling signals and time in-
stances, except when fora ¢ € R the scheduling signal satisfies 2p? (1) = — élt p(t)+1.
At that time instant, Rank((R; ¢ p)(¢)) = 1. Hence it is not a constant reachability
rank representation, but its minimal reachability radius is 1. For a constant reacha-
bility rank representation see Example 3291 O

Using the previously introduced concepts, the analog of Th. holds in the reach-
ability case as well:

Theorem 3.10 (Induced complete LPV state-reachability in CT, [174]). The
CT-LPV-SS representation Rss(S) is completely state-reachable, iff for any p €
C=(R,P) NBp it holds that there exists a 0 < n < oo such that Rank((R, o p)(t)) =
nx for all t € R. If Rss(S) has constant reachability rank, then the condition is
Rank((R,y 0 p)(t)) =nx forallt € R.

The proof follows similarly as in [174]. The interpretation of this theorem is the
same as in the observability case: an LPV-SS can be completely state-reachable,
even if the nx-step state-reachability matrix is not full rank along every scheduling
trajectory. In case PRgss(S) is a constant reachability rank representation, then, simi-
lar to the LTI case, full rank of (R, ¢ p)(¢) along every p € Bp guarantees complete
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state-reachability. For an SS representation with complete state-reachability, see Ex-
ample[3:29

It can also be shown that the class of LPV-SS representations with constant
reachability rank includes the class of LTI-SS representations (see [172]). Addi-
tionally, quadratic stabilizibility (see [96]) of a LPV-SS representation with static
linear dependence is a necessary condition in terms of Th. for complete state-
reachability.

Example 3.29 (CT complete state-reachability). Let the SS representation JRgs(S)
of an CT-LPV system S with P = [— ), ;] be given by

{ A B —tan(p) $ p sin(p) cos(p)

op= 0 2 1
CD} 1 1 0

Then it follows that

Ry p = {cosl(p) Sinz(p)] .

As 2cos(p) #sin(p) on P, Ry has rank 2 for all p € Bp and ¢ € R. This means that
MRss(S) is completely state reachable on P. O

In case Rank(R,;) = nx is satisfied, i.e. the SS representation is structurally
state-reachable, then it holds that Rank((R, ¢ p)(t)) = nx for all € R except some
p € C*(R,P) NBp. Then, similar to the previous case, it is obvious that structural
state-reachability is a necessary condition for complete state-reachability. To check
complete or structural state-reachability the computational considerations are the
same as discussed for the observability case.

3.3.1.3 State-Observability in Discrete-Time

The concept of state-observability can be similarly investigated in DT for a given
LPV-SS representation JRss (S) with state and output equations (3.62a-b). By using
a similar line of reasoning, we explore the previously introduced concepts based on
the theory for DT-LTV systems in [61]]. Define the state transition matrix as

ki —ko—1 .
A(ky, ko, p) = ,Eo (Aop)tki=1),  ifki > ko; (3.93)
I, if ky < ko;

for k1,ko € Z. Then, based on (3.62d-b), the state and output evolution of Rgs(S)
in the finite time interval [ko, k] C Z satisfies

k
x(ki) = A(ky, ko, p)x(ko) + Y, A(ki,i,p)(Bop)(iu(i),  (3.94a)

i=ko

y(ki) = (Cop)(ki)x(ky), (3.94b)
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for all k; > ko along a scheduling trajectory p € ‘Bp. Again, complete state-
observability of PRgss(S) can be considered as a reconstruction problem of any
%o = x(ko) from a zero input response in the time interval [ko, k] C Z. Then state-
observability on [ko, k1] requires that the linear map

y(k) = (Cop)(k)A(k,ko,p)x, x€X, k€ [ko,ki], (3.95)

from X to Yokl is injective for every p € PkoXil It can be shown again, that
MRss(S) is completely state-observable if it is state-observable for any finite interval
of Z with nx < k1 —ky < . Now we can introduce the following observability
matrix in DT to describe the linear map (3.93):

Definition 3.39 (n-step DT state-observability matrix function, [61]). In discrete-

time, the n-step state-observability matrix function O, € R"**™U of Rgg(S) is de-
fined as (3.83) with

o1=C, oj1=0jA, Vi>l. (3.96)

O

The n-step state-observability matrix function has a similar role as the state-observ-
ability matrix for LTI representations, as in case of complete state-observability, it
provides an invertible map for the reconstruction of the state from the samples of
y. Note that the difference in the structure of the discrete-time n-step state-observ-
ability matrix with respect to its continuous-time counterpart is due to the different
commutation rules for the 511 and q operators on R[£].

Example 3.30 (DT state-observability matrix function). Consider the DT-LPV-SS
representation Rgs (S) given by

pl 1
A B

—10
el [tre]

lpp

with P = [l, i] Then the observability matrices of PRgss(S) for n = 1,2,3 are as
follows:

X 1 ! -
olop:[l p}, Oyop= Hf’p , Oz0p=1| P I+ gp
qp (qp) p(1 (ap) )
plap) p(1+ 2,)+ap
These matrices were computed by using:
?10[7: [O qlp}’ ?2017: {qp 1+(((;121;)) . O

Again we can introduce structural state-observability in terms of Def. 334l Sim-
ilarly, Lemma also holds in the DT case and by using the concepts of n-step
state-observability matrix and constant observability-rank representation, given by
Def. and[3.33] the induced complete state-observability, Th. can be shown
to hold in DT as well:
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Theorem 3.11 (Induced complete LPV state-observability in DT, [61]). The
LPV-SS representation Rss (S) is completely state-observable, iff for any p € Bp it
holds that there exists a 0 < n < o such that Rank((0,, o p)(k)) = nx forallk € Z. If
Rss(S) has constant observability rank, then the condition is Rank((O,, o p)(k)) =
nx forall k € 7.

The proof follows similarly as in [61]. The consequences of this theorem are similar
as in the CT case, also implying that discrete-time LPV-SS representations with con-
stant observability rank include the class of DT-LTI-SS representations (see [61]]).
Furthermore it can be shown, that structural state-observability is a necessary con-
dition for complete state-observability also in the DT case. Again, basic DT results
of the existing LPV system theory follow as special cases of Th.[3.111

Example 3.31 (DT complete state-observability). Consider Example[3.30l It is triv-
ial that Det(Oy ¢ p) = q’; can not be zero on P = [}, 3], thus Rank((9; ¢ p)(k)) =2
for all p € Bp and k € Z. Naturally, the same holds for O3. Hence the SS represen-
tation of Example 3.30)is completely state-observable. (]

Again an iterative test can be applied to check complete state-observability in terms
of Th.B.I1l However, in the DT case, computation of the minimal rank of (0, p)(1)
can be accomplished by the generalization of the Popov-Belevitch-Hautus (PBH)
spectral test, resulting in an almost eigenvalue problem [140]. As computation of
the almost eigenvalue/eigenvectors is difficult in most general cases (see [16]), even
for representations with linear dependence, therefore in practice an approximative
approach is suggested. By this approach, the full rank condition of (O, ¢ p)(7) is
checked for finite sequences of p, like {po,...,py—1}. Each shifted instance of p in
On, like g’ p, is associated with the appropriate element of the sequence, i.e. q'p =
p- In this way, the full rank test of (O, ¢ p)(t), can be formulated as a feasibility
problem on PV, which can be solved via nonlinear optimization or by gridding. This
mechanism corresponds to a conservative rank test, as the feasibility is checked for
arbitrary variations of p. To compute the actual rank of O,, the previous method
is applied iteratively, checking the full rank of O; for increasing /. This yields an
approach that is easily computable for small dimensions. To check structural state-
observability, the same symbolic approach can be used as given in the CT case.

3.3.1.4 State-Reachability in Discrete-Time

In discrete-time, the concept of complete state-reachability can be similarly investi-
gated as in CT, except that in case of state-reachability on a discrete interval [ko, k1],
it is required that the linear map

k
x= Y Alk,i,p)(Bop)(uli), ke [ko.ki], (3.97)

i=ko

from Ulok] to X is surjective for every p € Bp. Then Rgs(S) is completely state-
reachable if it is state-reachable for any finite interval of Z. Similar to the CT case,
we can introduce the following matrix function to describe the linear map (3.97):
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Definition 3.40 (n-step DT state-reachability matrix function, [61]]). In discrete-
time, the n-step state-reachability matrix function R, € R™*"U of Rgg(S) is de-
fined as with

ri=B, riy :AE, Vi>1. (3.98)

O

Similar to the previous part, the difference in the structure of the discrete-time n-
step state-reachability matrix with respect to its continuous-time counterpart is due
to the different commutation rules of the gf and q operators on R[].

Example 3.32 (DT state-reachability matrix function). Consider the SS representa-
tion Mgs(S) defined in Example 3.300 The observability matrices of Rgs(S) for
n=1,2,3 are as follows:

1 1 p+q1p}
:R S p = s :R Sp = — )
Lep [p} 2P [p p(q~'p)

(1 p+qa'p pla'p)+(p+a'p)a?p
Rsop= [p p(q'p) p(a~'p)(a?p) }

These matrices were computed by using:

T

Ti=[0 q'p 2= [a'p+q72p q'p(q2p)] . 0

b

Again we can introduce structural state-reachability in terms of Def. 337 Ad-
ditionally, using the previously introduced concepts, the induced complete state-

reachability, Th. .10 holds in DT as well:

Theorem 3.12 (Induced complete LPV state-reachability in DT, [61]]). The dis-
crete time LPV-SS representation Rss(S) is completely state-reachable, iff for any
p € Bp it holds that there exists a 0 < n < oo such that Rank((R, ¢ p)(k)) = nx
Sor all k € Z. If Rss(S) has constant reachability rank, then the condition is
Rank((R,y o p)(k)) = nx for all k € Z.

The proof is follows similarly as in [61]]. The consequences of this theorem are the
same as in the CT case, also implying that discrete-time LPV-SS representations
with constant reachability rank include the class of DT-LTI-SS representations [61]].
Furthermore, it can be shown that structural state-reachability is a necessary con-
dition for complete state-reachability also in the DT case. Again, basic DT results
of the existing LPV systems theory follow as special cases of Th.[3.11l To check
complete or structural state-reachability in discrete-time, the computational consid-
erations are the same as given in the observability case.

Example 3.33 (DT complete state-reachability). Consider Example Det(Ry ¢
p) = —p? implies that Rank((R, o p)(k)) = 2 for all p € Bp and k € Z. Trivially,
the same holds for R3. Hence the SS representation of Example is completely
state-reachable. (]
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3.3.1.5 General Properties and Minimality

As a next step we show that structural state-observability/reachability are the nec-
essary ingredients to develop observability and reachability canonical forms of SS
representations which are similar to their LTI counterparts. Additionally, minimality
of LPV-SS representations is implied by structural state-observability instead of the
complete concept.

Based on the definition of structural state-observability/reachability, an important
corollary is the following:

Corollary 3.1. If Rss(S) is structurally state-observable (reachable), i.e.
Rank(0,y) = nx (Rank(R,;) = nx), then at least nx number of rows of Oy
(columns of R, ) are linearly independent in the functional sense. This implies that
in the SISO case, O,y (R, ) is invertible.

Based on this property, O, and R, can be used to define state-transformations in
the behavioral framework and, by using similar argumentation as in the LTI case, to
develop canonical forms for LPV-SS representations. Note that, in case of complete
state-observability/reachability, O, or R, are invertible for all scheduling trajecto-
ries and time instances, which is a much stronger property than the previous one.
Thus by requiring this stronger property to generate canonical forms, we would
exclude a large set of SS representations that have an equivalent (in the almost ev-
erywhere sense) observability/reachability canonical form (see Chap. [@)).

A key theorem that enables construction of observability/reachability canonical
forms in LPV case is the following:

Theorem 3.13 (Transformation of the state-observability/reachability struc-
ture, [173]). If the matrices of two LPV-SS representations, with state dimensions
nx and with a common np dimensional scheduling space, fulfill the equivalence

relation  via state-transformation T € R"**"X then for all n € N:

{for T=R, 0O,=0,T"" and R, =TR, (3.99)

for T=27, O, =0,T"" and R =TR,

hold, where O, and O!,, respectively R, and R!,, are the corresponding n-step state-
observability/reachability matrices of the representations.

The proof of this theorem similarly follows as in [173]. This means that the
state-observability/reachability structure of equivalent representations is projected
through the state-transformation that connects them, which is the required property
to develop canonical forms with special structure of O, or R,,. The following theo-
rem is the consequence of the minimality concept of Def.

Theorem 3.14 (Induced PV-SS minimality). The representation Rss(S) is mini-
mal iff it is structurally state-observable and it is state-trim, i.e. for all x € X there
exists, in case of T=TR, a (u,x,y, p) € BssNCT (R, W x XxP,) or (u,x,y, p) € Bss
in case of T =17, such that x(0) = x.
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The proof of this theorem similarly follows as in the LTI case [153]. Note that,
opposite to the orthodox linear system theory [80], minimality in this context does
not requireﬁ state-reachability. However, when it is necessary to refer to the Kalman
concept of minimality, we use the terminology of joint minimality:

Definition 3.41 (Joint minimality). If gs(S) is minimal and structurally state-
reachable, then the representation is called jointly minimal. ]

Example 3.34 (Induced minimality). Consider Example 3.30land[3.32] Then the DT-
SS representation is minimal as it is completely state-observable. Additionally it is
completely state-reachable, hence it is jointly minimal. In case of Example [3.23]
structural observability of the representation holds even if it is not completely state-
observable. Thus, this representation is also minimal. O

3.3.2 Stability of LPV Systems

In the literature, there exist various stability concepts of LPV systems, originating
either from the concepts of stability along frozen, i.e. constant scheduling trajecto-
ries (frozen stability) or stability along arbitrary varying p (global stability). While
the first aspect defines stability in the LTI sense of the frozen behaviors, the latter
establishes this concept on the full behavior. In many works, LPV stability issues are
only discussed for the state-space case with static dependence, involving the notion
of state equilibrium points and Lyapunov functions [160} 6], or mixing the concepts
of frozen and global stability by considering slow variations of p [155].
Here we intend to define stability in the developed behavioral framework, investi-
gating dynamic, IO, and Lyapunov stability both in a global and frozen sense. We
also show the connection of the derived theory with the existing results of the LPV
control synthesis framework.

3.3.2.1 Global Stability

Global stability is the natural concept of stability for LPV dynamic systems, as it
means that small causes produce small effects for any scheduling trajectory. Histor-
ically, it originates from LTV system theory and robust control synthesis
[240], where the problem of stability over the variations of the system has been first
encountered. Let Ra“ denote the set of positive real numbers including 0. Then from
the behavioral point of view, this concept extends the notion of dynamic stability for
LPV systems as follows:

Definition 3.42 (Global dynamic stability). The autonomous LPV dynamical sys-
tem S = (T,R"W P C R"F 9B) is said to be globally dynamically stable, if ((w, p) €
B) = (Je € Ry such that ||w(t)| < € forall 1 > 0) (in an arbitrary norm || . ||). It is

6 Non-reachable systems are very common and they allow a state-minimal representation.
Consider for instance autonomous systems. Such systems define a unique behavior, but
their state representation is never state-reachable.
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said to be globally unstable, if it is not stable; it is said to be globally dynamically
asymptotically stable, if ((w,p) € B) = (w(t) — 0 ast — ). O

The definition strongly builds on the linearity (the only fixed point of the dynamic
relation is 0) and time-invariance (stability on ¢ > 0 implies stability on ¢ > fy for
all #p € R) of the LPV system class. Note that in terms of Def. any signal tra-
jectory, i.e. signal evolution of the system on the half-line, is bounded no matter the
scheduling trajectory it is associated with, and the bound depends on the particular
solution w. It is obvious that global stability includes stability with respect to frozen
behaviors, as boundedness of w must hold for constant scheduling trajectories as
well. This also emphasizes the difference between LPV and LTV systems, as in
the latter case stability is defined with respect to only one, linear-trajectory of the
scheduling (p(t) = 1).

Contrary to the LTI case, conditions of global dynamic stability for LPV-KR
representations can not be formulated in terms of eigenvalues or root conditions of
polynomials in R[&]. To show this, consider the following argument: In the CT-LTI
case, jw = rw has solutions on the half-line in the form of w(t) = e"w(0), thus
the condition r < 0 guarantees boundedness of the solutions. However in the CT-
LPV case iw = (ro p)w with r € R, has solutions on the half-line in the form of
w(r) = e"P)yy(0) only for constant p. Thus boundedness is not guaranteed by
(rop)(r) <0, > 0. In fact, it is often possible to find a scheduling trajectory p
such that the solution diverges even if (ro p)(r) <0, r > 0. In the sequel, unless
indicated otherwise, we will call a LPV system asymptotically stable if it is globally
dynamically asymptotically stable.

In case of an IO partition of S, the concept of dynamic stability is formulated
around the autonomous part of the behavior on the half line [0,c), where u = 0.
Similarly, the notion of global dynamic stability generalizes for systems with state-
variables. Furthermore, global dynamic stability of LPV systems with 1O parti-
tion also implies bounded-input bounded-output (BIBO) stability in the /., norm,
and global asymptotic dynamic stability implies BIBO stability in the ¢; norm,
1 <7 <oo:

Definition 3.43 (BIBO stability). The LPV dynamical system S = (T,R"W P C
R"F9B) with TO partition (u,y) is said to be BIBO stable in the £; norm with 1 <
T < oo, if for all (u,y,p) € B it holds that

for T=R, [ ) 'dr <o = [ Iy <=
0 0

for T =Z, ZHu(k)HT<°° = 2||)’(k)‘|r<°°'
k=0 k=0

It is said to be BIBO stable in the {. norm, if for all (u,y, p) € 9B it holds that
sup|[u(z)|| <o = sup|ly(r)[| < oo 0
t>0 t>0

Dynamic stability implies BIBO stability in the /.. norm as all trajectories of y are
bounded in case of dynamic stability. This boundedness holds due to the fact that the
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autonomous part of the behavior is bounded and B fulfills the linearity and time-
invariance properties in Def. B3] Similarly, asymptotic dynamic stability implies
BIBO stability in an arbitrary ¢; norm as all trajectories of y in the autonomous
part of the behavior converge to zero. The concept of bounded-input bounded-state
(BIBS) stability can be defined for LPV latent variable systems with both IO parti-
tion and state variables in a similar manner as BIBO stability. Also in the LPV case,
BIBS stability always implies BIBO stability.

Another notion of stability leads through the approach of Lyapunov, which is
widely used for stability analysis of linear and nonlinear systems, with both time-
varying and time-invariant nature. While for LTI systems the Lyapunov method
gives an informative alternative approach, for LPV systems it is the most appli-
cable way to characterize or test stability of a given SS representation. First we
introduce the intuitive idea in the context of first-order parameter-varying differen-
tial/difference equations:

Ew=f(w,p), (3.100)

where f: R"™W>" — R"W ig a Lipschitz continuous function and & is either ((111 orq.
For notational convenience, assume that f(0,.) = 0, so the equilibrium of (3.100) is
0 for which we investigate the concept of stability. Note, that any isolated non-zero
equilibrium pointw € R"™W of (3.100), i.e. f(w,.) = 0, can be transferred to the origin
by an exchange of variables w' = w —w. We would like to find conditions ensuring
that every solution w : T — R"W of goes to zero as t — oo, Suppose that
T =R and a continuously partially differentiable function V : R"W — R is given
with V(0) = 0 and V() > 0 for T # 0. Assume that the derivative of V along every
solution of associated with a given p € Bp is non-positive. Then V(w(r)) is
non-increasing for any w solution and under some additional requirements it implies
that w(z) — 0 for  — o along the scheduling trajectory p. To implement this idea,
define the following:

Definition 3.44 (Definiteness of a function). A real valued function g : R" — R is

positive semi-definit (denoted by g = 0) if g(7) > 0, VT € R”",

positive definit (denoted by g > 0) if g = 0 and (g(7) =0) < (t1=0),

negative semi-definit (denoted by g < 0) if g(7) <0, VT € R”",

negative definit (denoted by g < 0)if g <0 and (g(7) =0) < (7 =0). O

Denote f, = f(-,p) for a given p € (R")T. Then based on the previously given
considerations about V, the following theorem holds:

Theorem 3.15 (Lyapunov stability, based on [146]). The origin is an asymptoti-
cally stable equilibrium point of (3.100) in a global sense for a given scheduling
trajectory p € Bp, if there exists a so-called Lyapunov function V : R™W — R such
that the following conditions are satisfied:

1.V > 0 (positive-definit),

2. If T =R, then V is continuously partially differentiable and Grad[V]f, <0,
3. IfT=1Z, thenV is continuous at 0 and (Vo f,) —V <0,

4. V(1) — o as ||T]| — oo
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Similar conditions can be given for stability of the equilibrium point by relaxing
Th. BT3lto require only semi-definiteness in the conditions. Instability condition of
the equilibrium point can also be introduced by exchanging negative-definiteness of
item 2 and 3 with positive-definiteness. However, Th.[3.13lis non-constructive in the
determination of the Lyapunov function which can be laborious in practice.

In the following we focus on LPV systems in the context of the of the Lyapunov
stability concept. Let x € XT be the solution of the autonomous part of a SS repre-
sentation PRgs(S) for a given scheduling trajectory p € Bp:

Ex=(Aop)x, (3.101)

where & is either ((111 or q. Consider the class of quadratic functions as Lyapunov
functions V(1,p) = 7' (Pop)t, where T € R, P € R"*"% and P =P (symmet-
ric). Then in continuous-time, using the chain rule of differentiation, it holds that

d

RAES)) =x'((A"P+PA+E)op)x, (3.102)

Q
where Q € R"™>™ is symmetric. The term Q = ATP 4+ PA + P is called the
parameter-varying CT Lyapunov equation. In discrete-time, using a quadratic Lya-
punov function yields

V(gr.ap) ~V(x.p) =x" (AT PA-P)op)x. (3.103)
o

where Q € R™*™X ig also symmetric. Here the term Q = ATPA — P is the
parameter-varying DT Lyapunov equation. Similar to Th. the concept of sta-
bility is formulated around the “definiteness” property of or and
the quadratic Lyapunov function. In case of a quadratic parameter-varying function
V(t,p) =1' (Pop)t with symmetric P € R"**"%, we can define for a given p € Bp
the positive definiteness of P. We call P positive definite for p, i.e. (Pop) > 0, if
there exists a € > 0 such that (P p)(¢) = €l for all 1 > 0 (P p is bounded away
from 0). The definition of negative definit, semi definit, etc. similarly follows.

Theorem 3.16 (LPV Quadratic stability). Consider (3.101) and a projected sche-
duling behavior Bp. Assume that P € R"™*"%, P = P', and Q = Q" satisfy the
corresponding Lyapunov equation (see and ) and P p is bounded
for all p € Bp. If for all p € Bp it holds that

e (Pop)=0and (Qop) =<0, then BI01) is globally dynamically stable.

e (Pop)=0,(Qop) =<0, and (A,Q) is completely state-observable, then (3101)
is globally dynamically asymptotically stable.

e (Pop)=<0, (Qop)=<0,and(A,Q) is completely state-observable, then (3101)
is globally dynamically unstable.

The proof of this theorem can be given according to [154]] in CT and [2] in DT. How-
ever, there are two important facts to be noted. First, complete state-observability is
required to ensure that the behavior of all state trajectories are characterized by the



3.3 Properties of LPV Systems and Representations 97

Lyapunov function. In this way, as V' is bounded away from zero with a positive
€ and its derivative (difference) is bounded away from zero with a non-positive &
along every state and scheduling trajectory, convergence of the state to the origin
is ensured. However, checking complete state-observability of (A, Q) is a computa-
tionally difficult problem (see Sect.[3.3.1). Second, due to the freedom of the func-
tional dependence of P, the theorem is non-constructive in the general case.

Based on the previous considerations, in practice R"**”% can be found to be too
general for Lyapunov function construction. Especially in LPV control, the search
for quadratic Lyapunov functions is commonly restricted to either a constant matrix
P € R™*"% or to rational functions with static dependence on p. This restriction
introduces conservative use of the Lyapunov theorem: If such a P € R™*"X can be
found that either of the first two items of Th. is satisfied, then stability of the
system can be concluded, however, the lack of such a P does not necessarily imply
instability. What we gain by the restriction of P € R™*"x_ is that the parameter-
varying Lyapunov equations are modified as

for T=R, (ATop)P+P(Aop)=<D0,
{or (AT ep)P+P(Aop) G0

for T=7, (ATop)P(Aop)—P=<0.

By assuming that A has linear and static dependence on p, then the inequalities
(B104) become LMIs, defining an infinite dimensional linear semi-definite pro-
gramming (LSDP) problem on P for the synthesis of P. If additionally it is assumed
that PP is a convex polytope in R"®, then (3.104) reduces to a finite LSDP problem,
where the feasibility of the Lyapunov equations is only checked at the vertices of the
polytope PP (see [160, [6]]). This gives the foundation of the traditional H, and H..
LPV control synthesis. Additionally, the use of full-block multipliers also enables
to handle A with rational dependence through an LFR representation of the system
[161]. In some works, parameter-varying Lyapunov functions with rational or
general [3]], static dependence are also considered to overcome the restrictions of
searching for a constant P . In the most simple case, assuming linear dependence of
both P and A on p and restricting the derivative of p to a polytopic set, gives that
the parameter-varying Lyapunov equations and (3.103) can be formulated
as LMIs by the use of relaxations, which again translates to a finite LSDP problem.

Example 3.35 (Global LPV stability). Consider the DT-SS representation Rgs(S),
defined in Example[3.30l Choose a quadratic Lyapunov function

~ +fo1 o0
V(t,p)=1 {0 1]1’

P

All eigenvalues of P are positive, thus P > 0. By computing the DT Lyapunov equa-
tion, it follows that

7 A convex polytope is the convex hull of a finite set of points, i.e. it is the intersection of
half-spaces.
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_(ATEA _Lp=1  p
Qop=(A' PA P)op—lo{ s 10p2-9]"

Because P = [}, 3], it holds that there exists a € < 0 such that (Qo p)(k) < €I for all
k € Z and p € Bp. Furthermore (A, Q) is completely state-observable as the rank of
Q is always 2 along any p € Bp. Thus the chosen Lyapunov function proves global
asymptotic dynamic stability of S. (]

3.3.2.2 Frozen Stability

Another important aspect of LPV stability is the so-called frozen stability. Stability
analysis of the frozen behaviors has been in the focus of LPV control during the
gain-scheduling area, before the appearance of global LPV control synthesis tech-
niques. At that time, researchers concluded global dynamic stability of the system
based on the dynamic stability of the frozen behaviors by assuming appropriately
slowly varying scheduling signals [235] [T53]. This view has been found mis-
leading as the term “appropriate” was not well-defined (see the arguments of
and [166]). Today, frozen stability is still important in LPV analysis as it is a neces-
sary ingredient for global stability.

Definition 3.45 (Frozen stability). Let .%s be the frozen system set (see Def.[3.4)
of the LPV system S with scheduling space P C R"P. Then, in the frozen sense, S
is

e Uniformly asymptotically stable, if for all p € IP, 7, € .Zs is dynamically asymp-
totically stable.

e Uniformly stable, if for all p € PP, F;, is dynamically stable.

e Non-uniformly stable, if it is not uniformly stable but there exists ap € P’ s.t. Fp
is dynamically stable.

e Uniformly unstable, if for all p € IP, 7, is dynamically unstable. ]

Note that uniform frozen stability of S does not imply global dynamic stability,
though the converse is true. In terms of Def. the stability of the frozen as-
pects of the system is checked separately for each frozen behavior. For example this
means the construction of quadratic Lyapunov functions separately for each p € P.
If there exists such a common quadratic Lyapunov function which proves stability
for all p € P, where P is convex, then in case of linear and static dependence of A, it
also implies global dynamic stability in terms of Th. This makes an important
distinction for systems with dynamic dependence, where the evaluation of A along a
constant scheduling trajectory excludes the effect of the dependence on the deriva-
tives/time shifts of p. For these systems, a common Lyapunov function of the frozen
systems set does not imply global dynamic stability.

Example 3.36 (Frozen LPV stability). Consider again the DT-SS representation
Rss(8S), defined in Example[330 For every constant scheduling trajectory p € Bp,
where p(k) = p, Vk € Z, it holds that the eigenvalues of (A ¢ p) are equal to p. As
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p < 1 for all p € P, uniform frozen asymptotic stability of S holds. This is a not sur-
prising discovery, as global asymptotic dynamic stability of S, proved in Example
3.33 implies uniform frozen asymptotic stability of S. Now consider the CT-SS rep-
resentation defined in Example For this representation, eigenvalues of (A< p)
are {0,2} for any constant scheduling trajectory which proves uniform frozen in-
stability of the represented system. Uniform frozen instability also implies global
dynamic instability. (]

3.3.3 Gramians of LPV State-Space Representations

Gramians are also important concepts for LPV-SS representations, as they describe
the complete state-observability and reachability properties and they can also char-
acterize model reduction (see [232]]). Using the previously developed linear input-
map (3.84) and linear output-map of the CT case, and their DT equivalents
and (3.97)), the concept of PV gramians is introduced as follows:

Definition 3.46 (PV gramians). In CT, the observability gramian O and the reach-
ability gramian R of a asymptotically stable Rgg(S) on the time interval [fo,7;] C R
and along a scheduling trajectory p € Bp are defined as:

O(t1,10,p) = /tIQlT(T,toyp)(CTop)(T)(COP)(T)%(T,to,p) dr, (3.105a)

R(t1,t0,p) = ! A(ty,7,p)(Bop)(7)(B o p)(t)AT (11,7, p) dt, (3.105b)

T

while in DT, they are given on the time interval [ko, k| C Z as:

k
O(ki,ko,p) = Y, A" (i,ko, p)(C" o p)(i)(Co p)(i)A(i,ko, p), (3.106a)
i=ko

k
R(ki,ko,p) = Y, A(k,i,p)(Bop)(i)(B" o p)(i))A” (ki.i,p). (3.106b)

i=ko

O

Similar to the LTI case, the full rank property of gramians implies complete
state-observability and reachability on the considered time interval and scheduling
trajectory:

Theorem 3.17 (Induced PV observability/reachability, [174]). The LPV-SS rep-
resentation Rss(S), is completely state-observable/reachable) iff its observabil-
ity/reachability gramian is full rank for any finite time interval and each scheduling
trajectory of Bp.

See the proofs in for the CT case and in [[61] for the DT case.
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3.4 Conclusions

In this chapter, we have developed a behavioral framework of LPV systems as an ex-
tension of the LTI behavioral approach. The introduced theory has been established
to give a unified view on LPV systems and their representations and to enable to ap-
proach LPV system identification in a well-founded system theoretic sense. We has
shown that the behavioral approach provides a well established view on equivalence
relations between LPV representations, gives a clear representation free definition
of LPV systems and it is compatible with the existing system theoretical results. It
was also shown that the use of dynamic scheduling dependence is necessary in order
to establish equivalence relations and also in general to fill the gaps of the existing
theory. In the next chapter, we continue by extending the concept of equivalence
transformations between different representation domains to the LPV system class.
This contribution gives the finishing details of the developed behavioral framework
and enables the comparison of different LPV model structures.



Chapter 4
LPV Equivalence Transformations

Abstract. In this chapter, we continue the discussion of the LPV behavioral frame-
work by establishing equivalence transformations between the state-space and the
input-output representation domains. These equivalence transformations enable the
comparison and analysis of LPV model structures and provide essential tools to
formulate the identification approach of this thesis. First we define LPV canonical
forms based on the concept of observability and reachability and we give an algo-
rithmic scheme to construct them from an existing SS representation of the system.
Then, transformations are introduced which provide an equivalent IO representation
of a SS representation and vice versa. In both cases, the introduced LPV canonical
forms are special cases of the transformation problem, serving as a simple gateway
between the representation domains.

4.1 State-Space Canonical Forms

Specially structured canonical forms of state-space representations of LPV systems
are essential ingredients to accommodate equivalence transformations between the
state-space (SS) and the input-output (10) representation domains. One set of these
canonical forms are the so-called observability/reachability canonical forms which
are also used in the state-of-the-art of LPV identification and control design.

In this section, LPV canonical forms in continuous-time (CT) and discrete-
time (DT) are introduced through a transformation mechanism applied on a given
SS representation of the LPV system. Using the concept of structural state-
observability/reachability, i.e. the associated observability/reachability matrices,
state-transformations are defined, that result in an equivalent SS representation with
special structure in the system matrices. It is shown that this special structure implies
complete state-observability/reachability of the resulting representation and hence
it is called a LPV observability/reachability canonical form. Additionally, the intro-
duced canonical forms give a unique representation of their associated equivalence

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 101
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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class. The applied transformation mechanism is based on the results of LTV sys-
tems theory and it can be seen as extension of the LTI canonical form construction
approach (see [80, [110]).

Besides the derivation of observability/reachability canonical forms, a construc-
tion approach for their companion counterparts is introduced. The concept of trans-
position of SS representations is also investigated, with the main conclusion that
contrary to the LTI case, the transpose of a SS representation in the LPV framework
does not have an equal manifest behavior. This means that such a transformation
alters the dynamical relation.

It is also investigated how the developed concept of canonical forms relates to
applied theories of the current LPV literature. It is shown that the common prac-
tice to use LTI theory to compute canonical forms for LPV systems results in SS
representations that do not have an equal manifest behavior.

4.1.1 The Observability Canonical Form

At first, observability canonical forms are considered. It is assumed that a struc-
turally state-observable state-space representation Rsg(S) is given for the SISO
LPV system S. Due to structural state-observability, i.e. full rank of O, associated
with Rgs(S), it is possible to introduce a new state-basis for the representation with
the parameter-varying transformation matrix, 7, € R"X*"x;

Ty := Oy 4.1
This leads to a new state variable x,, obtained as
Xo = (Toop)x, VpeBp. 4.2)

Due to the full rank property of O,, T, is invertible in R"**"%_If Rgg(S) is com-
pletely state-observable with an observability radius ny, then T;, is invertible for any
scheduling trajectory and time instant. Thus, in that case, (.2) implies algebraic
equivalence between x, and x. If only structural observability holds, then invert-
ibility is guaranteed in a functional sense, which means that (4.2) implies algebraic
equivalence almost everywhere. However, the latter is a sufficient property for 7,
to be a PV state-transformation, which leads to an equivalent SS representation of
S in terms of ~. Moreover, this transformation projects the observability structure
in terms of Th. 313 to the identity matrix (OnXO;X1 = I). Thus, similar to the LTI
case, we call the equivalent SS representation, resulting by the state transformation
T,, the observability canonical form.

To obtain the equivalent representation of S in terms of the new state variable, T,
is applied to the system matrices in accordance with <, resulting in a SS represen-
tation with the following special structure:
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o0 1 ... 0 o
L e

Ao Bo | 2
C, Do | =l o o ... 1 :
—af —of ... oy fg

1 0 ... 0 Be. |

Then

X Xnx nxXl
Ao Bo} {R R 4.3)

O o
§)‘{SS(S) = |: C, D, R Ixnx R ’

is called the observability canonical state-space representation of S. Proof of that
the invertible state-transformation based on (£.2)) always results in the above given
structure follows similarly as in the LTV case (see [172] for the CT case and
[63]] for the DT case).

Example 4.1 (CT-LPV observability canonical form, SISO). Consider the struc-
turally state-observable CT-LPV-SS representation PRgs(S) of Example By
applying state-transformation (4.2) in terms of Def. the resulting observability
canonical form is as follows:

0 1 1+ p?
a2 d \d 3 d,_ d?
%gS(S) _ Pdtzp—(2+p2+d,[7)d,17 . p%_2P+Pd,P_d[2P ! 3p+pdp
p-2-dp pr-2-gp p dr
1 0 p

Because the original representation PRss(S) is not completely state-observable, the
resulting canonical representation Ry (S) is equivalent with Rgs(S) only in the
almost everywhere sense. Furthermore, %gs (8) is completely state-observable (its
observability matrix is an identity matrix) even if Rgg(S) is not. O

It is important to note that due to the state-transformation (4.2)), the complexity of the
dependence of the meromorphic coefficients of i)’{g)s (S) can increase considerably. If
in the representation Rggs(S) all the coefficients/matrices are linear static functions
of p, then the matrix functions defining 9‘{?5 (S) can have rational dependence on
p and its derivatives/forward time-shifts up to the order nx. This property has been
one of the reasons to define coefficient dependence of LPV systems over the field of
meromorphic functions R with variables associated with p and its derivatives/time-
shifts in the introduced framework.

Example 4.2 (DT-LPV observability canonical form, SISO). As a DT example, we
consider the DT-LPV-SS representation defined in Example Again, by ap-
plying state-transformation (&.2) in terms of Def. the resulting observability
canonical form of this representation is the following:

0 1 I+
2
RE(S) = | —(ar?) £, ap+¥ P94 piqp
1 0 )4
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Due to the complete state-observability of the DT example, the resulting canonical
form is fully equivalent with the original representation and it is also completely
state-observable. Note that in the following, we restrict examples to the DT case to
simplify the discussion. O

Next consider the MIMO case. According to theory given for LTV systems in [63]],
observability type of canonical forms with respect to a MIMO, structurally state-
observable Rgs(S) can be realized by a mapping rule of three steps, similar to the
LTI case:

1. Choose nx-independent rows of the full column-rank O, with a given ordering
sequence.

2. Rearrange those nx-independent rows with a fixed ordering to form a nonsingular
state transformation matrix 7, € R"X*"x,

3. By applying the equivalence transformation defined via 7;,, compute the canoni-
cal representation.

In the following, these steps form the line of reasoning for the introduction of a
MIMO observability canonical form through its construction mechanism.
According to Step 1 of the previous algorithm, write O, as the sequence of row

vectors:
T

-
Onxz[o” o;YI osz °;Y2“~] , 4.4)
where C=[o]; ... o, ;]T.Eacho;={[o0;]%¥,, j > 1is defined similarly as (3.86)

in the CT case and as @m in the DT case. To complete Step 1 of the algorithm,
the selection of nx linearly independent vector functions from the nx X ny rows of
#32) is needed, to form the new state-basis of the canonical representation. Due to
the structural state-observability of the system, it is always possible to make such
a selection, but in general it is not unique [65} [T10]. Depending on the particular
way of the selection procedure, different canonical forms can be obtained. In the
following, the selection strategy that reproduces the structure of the previously in-
troduced SISO LPV observability canonical form is used. According to this, select
the vectors of (£4) in terms of the following ordering:

{01170217“’7onyl701270227’”7ony27“’}7 4.5)

which matches with the generalization of Young’s selection scheme II (see [110]).
For the sake of simplicity, temporally assume that Rank(C) = ny, meaning that
{011,021, onYl} are linearly independent vector functions. Then, the linear de-
pendence of every vector function from the ordered sequence (@.3) can be analyzed
one after the other: if 7; € I}* is the smallest number such that o;q, is linearly depen-
dent on the previous vectors, then there exists a set of unique functions {alf’ﬂ ER},

such that
ny Tij—1

oi, = Y, >, Ofy o1, (4.6)

j=11=0

where the ordering of the vectors implies that 7;; satisfies
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T fori=j,
Tij = min(‘c,- +1, ‘L'j) fori> j, 4.7
min (7, 7;) fori < j.

Once all dependent vector functions have been found, a total of nx = Zgl 7; inde-
pendent vectors are selected due to the full rank assumption of O, . Furthermore,
as the first ny vectors {o;y,021,..., onyl} are independent, they are automatically
selected, implying that

max T; = Tmax < nx — ny + 1. 4.8)
iel}Y

Moreover, the remaining linearly dependent relations are described by Zgl Z?Zl T
number of functions {Oci"jl}. This accomplishes Step 1 of the algorithm.

Using the previously selected vectors, the new state-basis is defined by

T
T T T T
To:= 1911 --- ol(fi*l) OnYl o"y(fnyfl) . 4.9)

Due to the linear independence of the rows, Ty is invertible and implies an equiva-
lence relation in terms of Def.[3.29] This completes Step 2 of the algorithm.

As a final step, applying the previously constructed equivalence relation on
MRss(S), yields the transformed matrices in the following form:

BY T
Ao By, ], jemy :
Co D, B, )
€l O}’ly)((‘l,']*l) cee Oy OnyX(Tanl) D |
where {e;}", is the standard basis of R"Y, and
[0 ... 0 a2 '
-
0 0 —of
15—y ; Dol
=1 - by
. . 0 . . . O
_ O
0 ! (1) (Tix1;)
0.0 0 [
i‘i(fi*l) ﬁi?lU(Tl‘fl) ﬁlol‘n ﬁlon[u‘n
o o
i(iO I%UO (Tixny) nylTay 1T TAYRY Ty (ny xny)
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Proof of that the invertible state-transformation based on (£.9) always results in the
above given structure follows similarly as in [63]. Based on this representation, the
LTI system is separated to an interconnection of subsystems characterized by the
AY and B} matrices and the connection of these subsystems is defined through the
Aj; matrices. In this way, using the constructed state-space transformation 7, ap-
plied on MRss(S), we have constructed a canonical SS representation of S. Due to
the fact, that the projected nx-step observability matrix of 9%;95 (8) is the identity
matrix (SISO case) or composed from zero row vectors and the standard basis of
R (MIMO case) such a canonical representation is always completely state-
observable. Furthermore, such a structure of the observability matrix also obviously
implies that 9%;95 (8S) is state trim. Thus the following corollary holds for all repre-
sentations of S with the structural form of (A, Bo,Co,D,) both in the SISO and the
MIMO cases:

Corollary 4.1. 9‘{% (S) is completely state-observable and state-trim hence it is
minimal.

In case Rank(C) # ny, the observability canonical form does not exist in the pre-
viously introduced structure as C, cannot be a matrix composed from zero vectors
and standard bases. In this case, T;, is constructed by considering the system only
with output channels which are associated with the independent rows of C. Then, T,
is applied to the original matrix functions. The resulting C, retains the structure of
the conventional canonical form for the linearly independent output channels (con-
taining only zero vectors and standard bases), however it also contains meromorphic
coefficient functions (the weights of the linear combination of the independent chan-
nels) in the rows corresponding to the dependent output channels. If the LPV-SS
representation is not structurally state-observable, then computation of an equiva-
lent observability canonical form by the presented algorithm requires to search for a
SS representation of the LPV system with structural state-observability. Then, such
arepresentation can be converted to an observability canonical form. As we will see
in Sect. B3] the construction of such a representation is always possible for LPV
systems.

Example 4.3 (DT-LPV observability canonical form, MIMO). Let the SS represen-
tation Rss(S) of an DT-LPV system S with P = [0.1,0.3] be given by

[p 0 0 —-05 1 1

0O —p O 0 p P

o 0 —-p O —-10

{é g]op: 05 0 0 p 0 1
0O p O 0 0 0

0 0 1 p 0 0

Lp 1 0 0 0 0]

By computing the 2-step observability matrix of Rgs(S),
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0 p 0 0
0 0 1 p
p 1 0 0
Orop— | T
05¢p 0  —p plgp)
| plgp)  —p 0 —05gp |

results. It is clear, that the first four rows of O, are independent in the functional
sense, thus Rgs(S) is structurally state-observable. However, the first three rows
and the sixth are independent along all possible scheduling trajectories on P, thus
MRss(S) is also completely state-observable. Note that in this case, computation of
04 is not necessary to show these properties. By calculating the observability canon-
ical form M (S) of Nss(S) using the first three and the sixth rows of O, the re-
sulting matrices are the following (the sub-matrices are denoted by dashed lines):

ap ¥ 0 0
qp*+4p>+8p(qp)+4p*(qp?) ; P i ap+rapi+api(ap)  p(pt+ap)
A= ool 29D AP
° 0 E 0 i
(ap)(@p)+4p2(ap?)+4p3 (@ p)+8p2ap) ) | o b (1+4pR)gp (p+ap)e®p
10
4p%(qp) P 4p a’p
r(qp) p(qp)
Byop = |- | Cuop=[0 1 0 0
p+qp 2 p+qp i 00 10
2 2(q°p—2p)ap—q
(@’p—p)qp “HPTHAPTER

Note that the resulting LPV-SS representation is the interconnection of 3 subsys-
tems, each associated with a specific output channel. Furthermore, this observabil-
ity canonical form is not generated using Young’s selection scheme as in that case
the first 4 rows of O, would have been selected for the transformation. In opposite
with the used state-transformation, the transformation of the state, based on the first
4 rows, only provides an equivalent representation in the almost everywhere sense,
as independence of the rows only holds in the functional sense. This underlines that
in the MIMO case there is a freedom in the construction of observability canonical
forms and the provided selection scheme is only one from the available possibilities.

O

4.1.2 Reachability Canonical Form

As a next step, we extend the previously introduced mechanism to the reachability
case. Similar to the previous part, SISO systems are considered first. It is assumed
that a structurally state-reachable state-space representation Rgs(S) is given for the
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SISO LPV system S. Due to the full rank of R, associated with Rgs(S), it is
possible to introduce a new state-basis for the representation by using

71 Rug, if T=R, 4.10)
= <— .
r Ry, if T=2Z,
that leads to a new state variable x;, obtained as
X = (Trop)x, Vpe Bp. (4.11)

Again, the full rank property of R, implies that T; is invertible in R"**"%. Thus,

#TT) yields an equivalent SS representation of S in terms of . In case of complete
state-reachability with reachability radius nyx, @11)) also implies algebraic equiva-
lence of the original and the new states. Moreover, this state-transformation projects
the reachability structure in terms of Th.[3.13] to the identity matrix. Therefore, we
call this equivalent SS representation the reachability canonical form.

By applying the transformation associated with 7; on the matrices of PRgs(S) in

., np . .
accordance with ~, the transformed matrices are given by:

0 0 — 0 1
1 .o -0
Ar Br _ .
C. D | : . : :
0 I —a 0
nx
L rl;x—l ﬁr{x—2 ﬁ(‘; ﬁfl;x_
Then,
'A B Rnxxnx Rnxxl
RE(S) = | o Dr} [ 1 , @.12)
L ~r ~r R R

is called the reachability canonical state-space representation of S and it is equiv-
alent with PRgs (S). Proof of the above given matrix operations similarly follows as
for LTV-SS representations (see [[172, for the CT case and [113| for the
DT case).

Example 4.4 (LPV reachability canonical form, SISO). Consider the completely
state-reachable DT-LPV-SS representation defined in Example By applying
state-transformation (@.11)) in terms of Def. the resulting reachability canoni-
cal form of this representation is the following:

0 —q’lp2 1

RL () = 1 q'p+qp 0
—1 )

H_qpp <1+qpp)q*1p+q*2p »

Due to the complete state-reachability, the resulting canonical form is fully equiva-
lent with the original representation. ]
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Note that the previously introduced algorithm can also be applied to generate
reachability-based MIMO canonical forms, but instead of the rows of O, the
columns of R, are used in this case. According to Step 1 of this mechanism, R,
is rewritten as a sequence of its column vectors:

:RnX:[rll rnUl rio ... I‘nUz ], (413)

where B = [ry; ... ;1] and each r; = [r;]!Y,, j > 1 is defined similarly as

(B97) for CT and as for DT. To accomplish Step 1, the selection of nx lin-
early independent vectors from the nx x ny column vectors is required in order to
determine the state-basis of the reachability canonical form. In the following, such a
selection strategy is used that reproduces the structure of the previously introduced
SISO LPV reachability canonical form. According to this, select the rows of R,,X as

{r117r127’“7r1(anU)7r2lvr22wH}7

which matches the extension of Young’s selection scheme I (see [110]). Temporally
assume that Rank(B) = ny which means that {r,r2,...,r1,,} are linearly inde-
pendent vector functions. Then, the linear dependence of every vector function from
the ordered sequence can be analyzed one after the other just like in the observabil-
ity case. However, in Young’s selection scheme I, the vectors {rij,r31,... ,rnwl}
have to be selected to the state transformation even if the ordering would indicate it
else. The explanation is that in the reachability canonical form, every row of B, must
be zero or a standard basis in R0, which needs that all {r,r5,... ,Tny } must be
the part of 7;. According to this selection scheme, if 7; € I* is the smallest number
such that r;g, is linearly dependent on the previous vectors, then there exists a set of

unique meromorphic functions {¢;;, € R}, such that

i Tj—1
rig =, Y, O Tip, (4.14)

j=11=0
where {7;;} satisfies (4.7) because of the ordering of the vectors. Once that all de-
pendent vector functions have been found, a total of nx = Zgl 7; independent vector
functions are selected due to the full rank assumption of R,,.. Furthermore, by the

selection scheme, the nyy number of vectors {ryj,ry2,...,r1,,} are automatically
selected implying
max T; = Tmax < nx —hy + 1. (4.15)
iel}V

The remaining linearly dependent relations are described by Z?EI 23-:1 T;; rational
functions {of jl} € R, and T; is defined as:

{I‘]l 1”1(11_1> ceo Tppgl o ee rnU(TnU—l)]7 if T:R;
L=
«— — = :
[?11 rl(ﬁ,]) <o Iopgl - InU(TnU,U}, if T=7Z.

which accomplishes Step 2. Again, linear independence of the selected vector func-
tions assures the existence of the inverse, thus 7} implies an equivalence relation in
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terms of Def. As a final step, applying the previously constructed equivalence
relation on MRgs(S), yields the transformed matrices in the following form:

_ o7
Oy —1)xny
Ar B o {A{/} ’ i’j € H}:U .
C D | e;er ’
0z~ 1) xny
¢ ..a, D
where {e;}?", is the standard basis of R"U and
[0 ... 0 —ofy
0 ... 0 —ogy
17— : Do
Ai=1|. o A= D
. 0 . 0
P
0 %ii(z,—1) (tixT) : : :
[0 ... 0 0 ey
ﬁfi(fl‘fl) o ﬂfio ﬁf]’tl e ﬁfn]UTl
ClF = : : D, = . :
T T r T
ﬁnyi(’ti—l) T nyi0 (ny %) nylty 00 ﬁnynUTnY (ny xny)

Proof of that the invertible state-transformation 7; always results in the above given
structure follows similarly as in [139]. Again, | (S) is equivalent with Rss(S)
and characterizes the decomposition of i)’{g% (8S) into state-reachable subsystems as-
sociated with each output channels. Due to the fact that the projected nx-step reach-
ability matrix of 9‘{3% (8) is the identity matrix (SISO case) or composed from zero
column vectors and the standard basis of R™* (MIMO case) the resulting canonical
representation is always completely state-reachable. Thus the following corollary
holds for all representations of S with the structural form of (A, B;,C;, D) both in
the SISO and the MIMO cases:

Corollary 4.2. 9‘{3% (S) is completely state-reachable.

Furthermore it also holds that if Rss(S) is minimal, then the resulting ;| (S)
by the given construction procedure is also minimal. In the case of dependent
columns of B, the state transformation is constructed based on the independent input
channels. If the LPV-SS representation is not structurally state-reachable, then com-
putation of an equivalent reachability canonical form is possible by finding an SS
realization of the system which is structurally state-reachable. Similar to the observ-
ability case, such a realization always exists, if S has no autonomous dynamics.
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4.1.3 Companion Canonical Forms

The LPV observability and reachability canonical forms can also be given in an
other, so-called companion or phase-variable form. These representations 9‘{% (S)

and D‘iéRSC (8) are defined in the SISO case as:

0 ... 0 —o o
g L {
O¢ o co co _ .o . .
I —og? | By
0 ... 0 1 o |
) 1 0 0
A B . . . . .
REe(S) = | “]: o 0 ... 1 0|,
SS( ) [Ccr DCT —oS — gt — o 1
0 IR nx—1
o BT - B B

Again, it can be proved, based on and [227], that every LPV system S admits
a state-variable representation in these forms and they are equivalent with all SS
representations of S. The state-transformations that lead to these canonical forms
can be constructed as:

B Ty, T2, ..., Tnyg |, if T=R;

To! = [ * 4.16a
0 {[ﬁv <r_27 ctty (?le]v lfT:Z, ( )
1) = [olT, 03, .ons OIX}, (4.16b)

where 1 is the last column of O,Txl which is additionally shifted forward in time
in case of T = Z, o; is the last row of iR,jxl which is additionally shifted back-
ward in time in case of T = Z, and r;, o; are generated recursively by and
(B:91)) in continuous-time and by and in discrete-time. In the MIMO
case, the companion forms are generated by selecting the linearly independent rows
(columns) based on a different ordering. Similar to the LTI case, the ordering of the
rows of O,, by Young’s selection scheme I results in the companion observabil-
ity canonical form, while the ordering of the columns of R, by Young’s selection
scheme II results in the companion reachability canonical form.

Example 4.5 (Companion canonical forms). Consider again the DT-LPV-SS rep-
resentation defined in Example By constructing the state-transformations
#164-b) and applying them to the original SS representation, the following com-
panion canonical forms result.
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T _,ar*  _ap?
_” 9] o 0 —Pg, ~qp
Loop=| ¥ || = RGO =|1 pp7 140 |
) . lqp ap
L P
1 A 0 10
Tuop=|a'r —alp? Regy= | —a'p* p+qlp 1
ca®p= qlp qop = i)!{SS(S)_ 5 »
a _q 1_~_Cl P p
L p P

O

4.1.4 Transpose of SS Representations

An important difference with respect to the LTI state-space representations is that
transposed LPV-SS representations do not have an equal manifest behavior. In the
LPV case, this hinders the use of important relations of the LTI system theory and
identification (see [189]) which are based on the transposition property [116]]. To
show this, consider the following argument:

Let Rss(S) be a state-space representation of a given SISO LPV system. Then
the transposed SS representation, defined as

AT CT

w5 = 4 €

] when Rss(S) = {A B]

c D 4.17)

is not a SS representation of S, because the associated output trajectories of these
representations are not equal in case of a varying scheduling signal (see Example
and [189]). In discrete time, this can be easily proved by computing the output
responses of the representations for an impulsive input at k = 0, i.e u(0) = 1, and
zero initial state x(0) = 0. Denote the resulting output sequences by y for Rss(S)
and )’ for Rg(S). Then these sequences reads as

¥(0) = (Do p)(0), ¥'(0) = (Do p)(0),
y(1) = (Cop)(1)(Bop)(0), y(1) = (BTOP)(l)( o p)(0),
¥(2) = (Cop)(2)(Aop)(1)(Bop)(0), ¥ (2) = (BT op)(2)(AT o p)(1)(CT o p)(0),

It is obvious that these sequences are not equal if p is not a constant signal. The
reason for this phenomenon is based on the non-commautativity of the multiplication
on R[&]. Similar arguments hold in the continuous time case.

Example 4.6 (LPV system transposition). In this example, the connection between
LPV canonical forms and their transpose is investigated. Consider the canonical
forms derived in Example £.2] and £.4] which are equivalent with the DT-SS rep-
resentation of Example The transpose of these canonical forms have been
obtained according to (@.17) by computing the transpose of the matrices. The out-
put response of these transposed canonical forms and the original SS representation
have been calculated for
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System output
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Fig. 4.1 Comparison of the transpose of canonical representations given in Examples
and [£.4] in terms of their output response, i.e. their output error with respect to the original
representation. Transposed canonical observability form (dashed line), transposed canonical
reachability form (dotted line), original representation (solid line).

1 11, /1
u (k) = sin (4k+ Z) pk)=,+ sin (4k+ g)

and with zero initial conditions of the state variables at k = 0. The results are pre-
sented in Fig. .1l From these signals one can conclude that the transposed forms
are not equal to the original SS representation. This proves that transposition of SS
representations changes the manifest behavior of LPV-SS representations in general.

O

4.1.5 LTI vs. LPV State Transformation

In the previous part, we have seen that through the developed behavioral framework,
canonical forms of LPV systems can be similarly formulated as in the LTI case. It
has also been emphasized how this framework extends the concepts of LTI system
theory to LPV systems by proper handling of the time operators and their effect on
scheduling-dependent coefficient functions. Comparing the introduced construction
mechanism of LPV canonical forms to the state-of-the-art of the LPV literature,
similar mechanisms can be found, which have been developed for CT-SS represen-
tations with linear dependence (see as a notable approach). Thus the develop
algorithm can be seen as a generalization of these approaches.

However in the general LPV literature, at many occasions the LTI theory is used
intuitively, applying-state transformations in the form:

Al =T AT, (4.18)

where T is dependent on p. Such a state-transformation is equivalent to a state-
transformation applied separately for every constant scheduling signal of ‘Bp. Based
on Sect. it is obvious that this transformation does not imply equivalence in
any sense if 7' is not constant. It is also common that canonical forms are usu-
ally “achieved” by generating O, and R, similar to the LTI case (see Example
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E77). This corresponds to the observability/reachability matrices of the representa-
tion with respect to constant scheduling signals. Using independent rows (columns)
of these matrices a state-transformation matrix 7 is formed. Then T is applied ac-
cording to (£.I8) to calculate the “canonical” form (see and [180] as exam-
ples). It is not surprising that by this methodology the resulting structures resemble
the observability/reachability canonical forms, however they are not equivalent in
manifest behavior with the original system. To illustrate this see Example [£.7]

Example 4.7 (LTI vs LPV state transformation). Consider the canonical forms of the
DT-SS representation derived in Example [4.2] and [£4] for the DT-SS representation
Rss(S) defined in Example 330 Let O;EX and RZX denote the “observability ” and
“reachability ” matrices constructed for Rgsg(S) in the LTI sense:

o) =[cT A'c"]", ®Ri_=[B AB]

. 1! . 1 2p
o/ = 4 R = .
nxop |:p 2:|a nxop |:p p2:|
Now compute what would result by applying the state transformation (.18) with
T =0, or T = Ry, just like in the LTI case. This intuitive approach produces
the following so-called “frozen” canonical forms:

0 1 p T
mé‘)SLTI (S) =|-p —p —172 ’ %gg'n (5) _ (mgSLTI (S))
1 0 p

Generally in the literature some follow this approach (see [224} [180]). It is impor-
tant to note that the two sets of LPV representations derived here and in Example
and 4] are equivalent for constant scheduling trajectories, but they are unequal
globally. To show this phenomenon, the output response of these frozen canonical
representations, the global canonical forms, and the original SS representation have
been calculated for the signals p and u indicated in Example[d.6l The results are pre-
sented in Fig. As can be seen, the global canonical forms R (S) and Rgg(S)

completely reproduce the original output with zero error. However, %gsm (S) and

%g!gm (S) have a relatively huge representation error in the magnitude of 35% even
for these very smooth and slowly varying p and u, which mainly comes from a
scheduling dependent phase and gain lag with respect to y. (]

4.2 From State-Space to the Input-Output Domain

Equivalence transformations between SS and IO representations in the LPV behav-
ioral framework are of paramount importance. Such transformations are not only
necessary to provide representations of a given system in these domains, but they
are also the key elements to compare LPV model structures in terms of representa-
tion capabilities, to compare identified models in different representation domains,
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System output
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Fig. 4.2 Comparison of global and frozen canonical representations of Example d7]in terms
of their output response, i.e. their output error with respect to the original representation.
R (S) (dashed line), g™ (S) (dotted line), R (S) (solid line), R (S) (identical to
the solid line), original representation (identical to the solid line).

and also to convert results of IO identification approaches to SS models applicable
for control.

In the following we develop these transformations based on the behavioral frame-
work. We introduce algorithms to obtain an IO realization of a given LPV-SS rep-
resentation and vice-versa, solving the core problem of the existing LPV system
theory (see also [202]). We show that the results generalize the theory presented for
LTI systems in case the coefficient dependence on the scheduling vector is mero-
morphic and dynamic. It is also shown that the canonical forms, developed in the
previous part, give special cases of the transformation problem, thus they serve as
a simple gateway between the SS and the 10O representation domains. Again, it is
proved that the common practice of the current LPV literature, namely to apply LTI
theory to convert IO models to SS models, provides results which have an unequal
manifest behavior.

At first the equivalence transformation from the SS to the IO representation do-
main is considered. The equivalence transformation in this context means the search
for an equivalence class of IO realizations with the same manifest behavior. Theo-
rem [3.3] shows that the state in an LPV-SS representation can always be eliminated
as a latent variable without changing the manifest behavior. As a consequence of
this elimination property on R[] ™" the following corollary holds:

Corollary 4.3 (Latent variable elimination). For any latent representation (3.39)
with manifest behavior B and polynomial matrices Rw € R[E]"™ "W, Ry, €
RIE) "%, there exists a unimodular matrix M € R[E]"™ " such that

wem@ = "] merve -] @

with R{ of full row rank. The manifest behavior defined by (Ry (&) o p)w =0 is
equal (almost everywhere) with ‘B.
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Due to the latent nature of the variable wy, such a transformation in terms of Th.[3.3|
is always possible and does not change the manifest behavior, hence it is called an
equivalence transformation.

The next step to establish an IO realization is to formulate the unimodular trans-
formation of Th.3]and the resulting R” in the form of an output side polynomial Ry
and an input side polynomial R,. Write the LPV state-space representation PRsgs(S)
with matrix functions (A, B,C, D) into the latent form (3.39):

IE—Al [0 By
CNOT CI—
RL(E) Rw (@)

The resulting polynomials R € R[E](xtmv) < (nv+mu) and Ry € R[E]xtnv)*nx give
an equivalent representation of the full behavior of Rgs(S). According to Cor. E3]
there exists a unimodular matrix

Me)= Wéi?i? [A‘Zigﬂ € R[g|(rxtme)xntny (421
which in terms of M(&)Ry(§) = [ * O]T in satisfies

M1 (E)(IE —A) —Mxn(E)C =0.

This yields that
~M1(§) Mo (§)B+Mpn(E)D | [u] — |O] 7
~ ~ - N~~~
M(E)Rw (&) M(E)RL(E)

and Ry (&) = [-M21(§) Mai(E)B+Mxn(E)D] is in the form of an output side
polynomial Ry(§) = My (§) and an input side polynomial Ry(E) = M (&)B+
My, (E)D. Note that there is a particular freedom in choosing M to satisfy (@.19),
however by restricting M (&) to be monic and Deg(M»y) = nx, Ma (&) with
Deg(M>1) < nx — 1 and M»(€) can be uniquely determined.

Corollary 4.4 (I0 Equivalence transformation). Let Rss(S) be a state-space
representation with manifest behavior B and system matrices (A,B,C,D) where
A € R™*"%_ Then there exists a unique monic polynomial Ry € R[E]™ ™™ with
Deg(Ry) = nx and a unique R, € R[E]" "% with Deg(Ry) < nx — 1 such that

Ry(&)C=Ry(E)(IE—-A). (4.22)

Let Reom = Diag(ry,...,rny), ri € R[E], be the greatest common divisor of Ry and
Ry such that there exist Ry, R, € R[&] satisfying

Rcom(é)Ry(g) = Ry(é) and  Reom(&)Ru(§) = RU(é)B+RY(£)D- (4.23)
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Then the 10 representation of S, denoted by Rio(S), is given by

(Ry(§)op)y = (Ru(&) < p)u. (4.24)

The algorithm defined by and (&.23)) is structurally similar to the LTI case (see
[133] [146]), but it is more complicated as it involves multiplication with the time
operators on the coefficients. Thus, this transformation can result in an increased
complexity (like dynamic dependence) of the coefficient functions in the equivalent
10 representation. The following property also holds:

Corollary 4.5. Assume that Rss(S) is minimal, i.e. structurally state-observable.
Then the polynomials R, and Ry satisfying @.22)) are left-coprime (their greatest
common divisor Reom Is 1).

Corollary means that the equivalence transformation between the SS and IO
domain results in the elimination of dynamics related to unobservable states. Thus
in case of a structurally state-observable SS representation, like the observability
canonical forms, the equivalence transformation simplifies. However, dynamics re-
lated to unreachable states are preserved. This underlines the validity of the pro-
posed minimality concept of LPV-SS representations, namely that minimality is
equivalent with structural state-observability.

Example 4.8 (10 equivalence transformation). Consider the LPV-SS representation
derived in Example 322

1 —T?k, T2
A B 1 1“ * od
c plP

0 1 0

Let r be the identity function so r¢ p = p. In terms of (@.22), we are looking for a
R, € R[E]"? with Deg(R,) = 1 and a monic polynomial Ry € R[&] with Deg(Ry) =
2. Parameterize these polynomials as

Ry(§) =& +ai& +ao, Ru(§)=[bu&+bir bué+bn].
Then in terms of @22):

2 E—1 Tk
(&2 +ar&+ao) [0 1]=[bu&+ba bué+bn]|” | -l
N~ " ~ -
Solving this equation system it follows that 1Z-A
aj=—2—1,b11=0,bp=1,
2
ap="""" by =1bp=-".
The resulting polynomials R, and Ry are left coprime, hence
Ry(&) = Ry(&) = &>+ ai1& +ao, (4.252)

Ru(&) = Ru(E)B+Ry(£)D = T_rfzi (4.25b)
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After left-multiplying these polynomials with 7, the IO representation in the form
of (3.60) with n, =2 and np = 0 has the coefficients

a@mop=qp aop=—qp—p;
apop="Tiks+p, boop=T3

In terms of w = Col(y,u), the resulting LPV-IO representation is equal to (3.36)
which shows its equivalence with the LPV-SS representation in Example[3.221 [

4.3 From the Input-Output to the State-Space Domain

As a next step, the equivalence transformation from the 10 to the SS representa-
tion domain is considered. To derive such a transformation, a vital ingredient is to
construct a state-map for a given 1O representation that defines an equivalent SS rep-
resentation. This construction can be seen as the counterpart of the previous latent
variable elimination. The actual aim is to introduce a latent variable into (@.24) such
that it satisfies the state-property, ergo it defines a SS representation of the original
system via Th.[3.4l

Generation of a state-map is more involved in the LPV case than for time-
invariant systems as the scheduling dependence of the coefficients does not com-
mute with time operators as integration, derivation, and time-shift. In order to
improve readability of the upcoming rather technical discussion, we first investi-
gate the intuitive idea behind the used state-construction mechanism, the so-called
cut-and-shift operation. Then this operation is formally defined over the ring R[&]
both in CT and in DT. As a next step, state-maps generated by the cut-and-shift pro-
cedure are constructed and it is shown that they introduce latent variables satisfying
the state property. Minimality of the resulting state kernel forms is also shown in
the SISO case. Finally, algorithms are derived that provide realization of a given IO
representation in terms of the previously introduced canonical forms.

4.3.1 The Idea of Recursive State-Construction

First, we explain the intuitive idea of the cut-and-shift-map based state-construction
through a simple example. Assume that, in continuous-time, a kernel representa-
tion Rk (S) with P =R is given. Rk (S) is described by R € R[], providing the
differential equation

d2

d
tw—|—(r2 op) dtzw:O. (4.26)

(rOOP)W+(r1<>P)d

In the following we construct an equivalent SS representation of 2Rk (S). This re-
quires a state-construction, where our aim is the elimination of the derivatives of
win through the introduction of state-variables. Introduce the latent variable
x1 : R — R, defined by

d
x1=((r —#)op)w+(r20p) (4.27)

dr w.
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Then equation (28)) can be rewritten as

;X1+((r0—f1+f2)0p)wzo, (4.28)
using the rule of chain-derivation. It is obvious, that the resulting equations (#.27))
and define the same manifest behavior as (4.26). In this way, we have
eliminated the derivatives of w from (28)), however the resulting extra equation
@277) still contains a first order derivative of w. Thus, introduce the latent variable
x3 : R — R such that

x2=(rop)w. (4.29)
Then, equation (@.27) can be rewritten as
d
dtxz—x1+((r1—2f2)<>p)wzo. (4.30)

We have arrived at the following equation system

— ry— 2 oplw=|-1 dr X (4.31)

. .. d
=+ L]
) 0 1
which is equivalent with (@26). Due to the fact that the left side is a zero-order
while the right side is first-order polynomial, (&31)) is a state-kernel form and
x =[x x2]" trivially fulfills the property of state (see Th.[3.4). Additionally, the
algebraic equivalence of the introduced state-relations (£.27) and implies that
there exists a unimodular transformation in terms of Th. 3] which can eliminate x
from (@31} such that is reobtained. Thus, the manifest behavior of (@.31)) is
equivalent with the behavior of 3k (S). Note that in this way we have defined an
equivalent state-map of the original system. Using this state-map, one choice of an
SS realization follows through the use of as the output equation and by the
substitution of this equation into (@.31) to obtain the state-equation:

d B 0 _ro—:”;;-}—fz 3
dtx_ | _n-2 op |x, (4.32a)
mn
W= ([o rlz}op)x, (4.32b)

which is a companion observability canonical form if r, = 1, i.e. if R is monic. This
SS realization is equivalent with (#:26) only for those scheduling trajectories where
(ry0 p)(r) # 0 (see @29)). Thus, @32a-b) is equivalent in an almost everywhere
sense with (@.26). If r, is nonzero for all scheduling trajectories, then full equiva-
lence holds.

The intuitive idea behind the state construction that we exposed in this example
can be formalized as the following recursive scheme. For a given continuous-time
SISO kernel representation 2k (S), the behavior is described by
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d
(Rg(dt)op)w: 0. (4.33)
Let [ = 1 and define a latent variable as
d _
= (R Jophw st Ry (@) i=Ri+ER(E), @434

where R; € R, R; € R[&], and due to the multiplication rules, Ry is chosen as:
- i)
Ro:=ro+ Y, (=1)'#", (4.35)
i=1

where %) denotes the dot operation applied to r € R for i-times (see equations
#28)) and (E30) as examples). According to this mechanism

{for =1, $x1 = —(Roop)w,

B (4.36)
for 1 <I<ng, él,xl =x_1— (R_1op)w.

holds and (#.34) with (#38) give a latent variable representation of S. Repeat these

steps recursively on @.34) till [ = ng which results in R, : (&) = 0. Then the obtained

polynomials {Rl(’g')};lil define a state map and {Rl};ﬁl give the coefficients of the

associated SS representation, as it holds that

for 1 <I< ng, ((jjzx(l-&-l) =x;— (Rjop)w, 437)
for [ = ne, (Ruz ©p)W = X, - '

The procedure, defined by (34), gives the algorithm of state-construction which
we call the parameter-varying cut-and-shift map 6_ : R[] — R[] ™. In this
terminology, R; corresponds to the cut term while ER;(&) is the shift term. Due
to the different non-commutative multiplication rules of differentiation and time-
shift with respect to the scheduling dependent coefficients, the cut-and-shift-map
is defined differently for the CT and DT time-axis. In the following, the technical
definition of &_ is given both in the CT and DT cases, using the idea of the recursive
scheme introduced before.

4.3.2 Cut-and-Shift in Continuous-Time

In the CT case, the indeterminant & is associated with ;, implying that multipli-
cation with € on R[E] ™" gives the non-commutative rule of (3.32). The reverse
operation, multiplication by £ ~!, results in integration, which yields:

671 (r§i+(_1)i,;(i)) — ii(_l)j,;(j)éi*jfl. (4.38)

=0
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This operation is the same as what is used in (#:34)). Based on this, the cut-and-shift-
map in continuous-time is defined on R[E] %" as

S_(ro+ré+...+mE)=r+.. +r&"" (4.39)
R(E) R'(&)

where R,R' € R[£] " and each new meromorphic coefficient function of R is com-
puted as the result of elementary cut-and-shift operations:

i—1 S
> (—1)ADESIT i > 1

5_(rEh =1 o (4.40)
0, if i =0.
This yields that
=S (1)) (4.41)
j=0

4.3.3 Cut-and-Shift in Discrete-Time

In the DT case, £ is associated with the forward time-shift operator q, implying
that multiplication with & on R[E] " gives the non-commutative rule of (3.31). The
reverse operation, multiplication by £ ~!, results in backward time-shift, giving:

EN(rE) =TFE (4.42)

where . is the backward shift operation on R. This implies that in discrete-time,
the cut-and-shift-map is defined on R[E] " in the form of (#.39), where each new
meromorphic coefficient function is computed as the result of elementary cut-and-
shift operations:

FESL ifix1;

0, if i =0. (4.43)

.80 = {
giving that ¥, = ;.
4.3.4 State-Maps and Polynomial Modules

As a next step we formulate the construction of a state-map, i.e. the generation of
state variables, for a given kernel representation, as the recursive use of the cut-
and-shift operation on the polynomials of R[&]. This procedure is the analog of
the introduced recursive-scheme of state-construction in the CT case (see (£.36)).
The resulting state-map characterizes a state-kernel representation of the system,
which is minimal in the SISO case. In order to describe all equivalent (minimal)
state-kernel representations of the system, equivalence classes of the state-map are
established in terms of polynomial modules over R[&].

Let R € RIE]"™ "% be the associated polynomial of the kernel presentation
Rk (S). Assume that R is monic and given as
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RE) =+l 4. /% et yen, (4.44)

where superscript . ¥/ denotes an additional index of the coefficients. Repeated use
of 6_ on R and stacking the resulting polynomial matrices leads to

5_(R) Al g2 gt ]
R (T
Z (R)= : = : : (4.45)
8" *(R) n—1]
5" (R) G

where each coefficient function r[j ]

i is computed according to the local cut-and-shift

rules based on {rl[j -1l e 41 recursively. It is obvious, that if n, = 1 (SISO case if

additionally nyw = 2), then the rows of X_ are independent. Thus, it can be shown
that X = ¥_(R) defines a minimal state-map in the form of

x=(X(&)op)w. (4.46)

Later it is shown, that such a state-map implies a unique SS representation. Before
that, we characterize all possible minimal state-maps that lead to an equivalent SS
representation.

Denote the multiplication by £ as &, which acts in the same way as as defined
by and (3.3]). Consequently

s (O] =[5 17|

Note that 6_6; = I, while 6. (6_(R)) = R(&) — R(0).

Denote by Span’3" (R) the subspace spanned by the rows of R € R[], viewed
as a linear space of polynomial vector functions with coefficients in R"*". Also
introduce Module ¢ (R) as the left-module in R[§]"*"" generated by the rows of
R € RIE|mmw:

R

Moduleg)(R) = Span’s" | [ 0+(R) | | (4.48)

This module represents the set of equivalence classes on Span’g” (X_(R)). Let X €
RIE] ™" be a polynomial matrix with independent rows (full row-rank) such that

Spany” (X ) ® Moduleg ¢ (R) = Span” (- (R)) +Moduleg ¢ (R),  (4.49)
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where @ denotes direct sum. Based on arguments used in the LTI case (see
[I53]]), X is a minimal state-map of the LPV system S and it defines a state variable
by @.46). This way it is possible to obtain all minimal SS realizations of S that are
equivalent with the kernel representation associated with R.

4.3.5 State-Maps Based on Kernel Representations

In the previous part, we have established state-map constructions for kernel rep-
resentations based on the cut-and-shift operation and characterized the class of all
state-maps that result in an equivalent SS representation. The next step is to char-
acterize these SS representations with respect to an IO partition. We develop an
algorithm which, based on a given state-map, provides a SS realization of a ker-
nel representation for a chosen IO partition. We show that, for specific choices of
the state-map, the algorithm provides the SS realization in terms of the previously
introduce observability and companion observability canonical forms.

For a given kernel representation SRk (S) associated with the polynomial R €
RIE]™ "W | the input-output partition of R is characterized by choosing a selector
matrix Sy € R giving u = Syw and a complementary matrix Sy € R™"W giving
y = Syw. In case of an unknown IO partition, the construction of S, follows by com-
puting the subspace of R!*"W consisting of the R-span of the elements with degree
zero in Spang” (X (R)) +Moduler ¢ (R) and choosing Sy such that the rows of Sy
span a complement of this subspace relative to R"W. Then, Sy is chosen comple-
mentary to Sy.

Assume that a full row rank X € R[] *"W is given which satisfies (£.49). Then
the matrix polynomial X and the matrix S, jointly lead to the direct sum decompo-
sition:

Spanyy” (g xnyy ) + Spang” (£-(R)) + Moduler ¢ (R) =
Spany” (X (Su)) ® Spany" (X_ (X)) ® Moduleg ¢ (R).  (4.50)

From (@.47), it follows that

Span” (0.4 (Z-(X))) € Span” (L xny )+
Spany” (X (R)) +Moduleg¢)(R), (4.51)

which implies
Spany” (6+ (X)) C Spany” (X) @© Spany” (Su) © Moduleg ¢ (R). (4.52)
On the other hand, Sy gives

Spanyy* (Sy) C Spany" (X) © Spanyy” (Su) © Moduleg ¢ (R). (4.53)



124 4 LPV Equivalence Transformations

These inclusions imply, that there exist unique matrix functions (A,B,C,D) in R
and polynomial matrix functions X,, Xy € R[£] " with appropriate dimensions such
that

EX(8) = AX(E) + BSu+Xu(E)R(E), (4.54a)
CX(&)+DSu+Xy(E)R(E). (4.54Db)

9]
~«
—
(A
N

Il

Then

(4.55)

A B Rnx Xnx Rnx xXny
C D Ry Xng  RAyXxny |

is a minimal state-representation of the LPV system S. This algorithm provides an
SS realization of both LPV-IO and LPV-KR representations.

As a next step, we show that specific choices of X lead to the construction
of the observability and the reachability canonical forms via algorithm (£34a-b).
Consider the SISO case. Assume that PRjo(S) is given with polynomial matrices
Ry,Ry € R:

Ry(&) = al +d% + . +allem, (4.56)
Ru(€) = b 46+ piem. (4.57)

[0 ]

where n, = ny. Additionally, let R be monic, i.e. a;, = 1, otherwise redefine the

polynomials by dividing the coefficients with aLa]. Then Z_([Ry —Ruy]) gives:

'a[ll 4 +a[l] éna—2 4 Emal _b[ll] _ bya]_léna—l ]
ay ol g penr RGPl g2
: (4.58)
aZ’;a__ll] _’_6 ;[,Zd_ll] bLZa_l]é
i 1 —ble ]

Obviously, this n, x 2 matrix has independent rows and the span of these rows is
linearly independent from Moduleg¢)([Ry —Ru]). Thus, the construction of the
state-map in terms of requires to choose X € R[&]"*? such that Span3® (X)
equals the rowspan of (£38). As all rows of (£.38) are independent, therefore X
can be easily constructed. The selector matrices are also evident: S, = [0 1] and
Sy=[1 0].

A convenient choice for X is to take the rows of in the given order (top-to-
bottom). Application of the algorithm defined by (@34a-b) with such a X leads to
the companion-observability canonical form 9%% (S). This can be shown by solving
the corresponding equation system of (#.34a-b).

To derive a realization in terms of the observability canonical form, define
Bo,- -, P, € R such that

Ru(&) = BiORy(&) + B (& Ry(E) + .+ BETRY(E) +...  (4.59)



4.3 From the Input-Output to the State-Space Domain 125

These functions are the resulting expansion coefficients (left-fractions) of R, in
terms of Ry. Then, by choosing X as

i 1 _ ["a]

R -
X&) = : : ; (4.60)
tg'na—Z _ﬁ2[2] = ﬁr?]éna—Z
énafl —[31[1]—~~~—[3rEl]§"rl

results in Ry (S) via the algorithm defined by @.54a-b). The resulting coefficients
in this case are

o =d, p=pY, (4.61)
where i,j € I}*, nx = n, and Be, = bL "l The following claim follows from the
structural properties of the canonical forms:

Claim 4.1 The R (S) and S‘igsc (S) SS realizations of a SISO Rio(S) via E34d-
b) are completely state-observable and state-trim hence they are minimal. They are
also structurally state-reachable iff Ry and Ry are left-coprime on R|[&].

4.3.6 State-Maps Based on Image-Representations

The previously developed algorithm provides SS realizations based on kernel rep-
resentations. However it is also possible to derive another algorithm that is based
on state-maps generated from the so-called image representations. In this part, we
develop this algorithm and we show that for specific choices of the state-map it
provides the SS realization in terms of the previously introduced reachability and
companion reachability canonical forms.

To deduce reachability canonical forms, investigate R0 (S) in the following, so-
called image representation:

)} op)wL, (4.62)

with & either equal to § or q and R{,,R’y € R[] with R, monic. Note that any
LPV system has an image representation in the form of m with equal manifest
behavior (see [239] for a proof). Applying the cut-and-shift based state-construction

mechanism on (@.62) with system variables (wp ,u,y) leads to

S ([Xha])=[Z(X)00],

where
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al yalle 4.y gt

bl plle 4 pplem-
aPl . gm2
X)) =] py g pPem

I
b["a]

L a |

A minimal state for (@.62) is therefore given by
x=(X(&)op)wr, (4.63)
where X € R[£]™*! has independent rows and satisfies
Span’3¥ (X) = Span3* (X_ (X)). (4.64)

The input is given as u = Sy(X (&) o p)wp with S, a selector matrix such that
Spanf3® (X) and Span’3¥ (S,X) are direct summands. This implies that Sy, = [1 0]
and Sy = [0 1]. Then again, it can be seen that

Span8¥ (8 (X)) C Spans™ (X) @ Span’s¥ (S,X
Span3” (SyX) C Span3" (X) @& Spanjy” (SuX

), (4.65a)
). (4.65b)

These inclusions imply the existence of unique matrices (A,B,C,D) in R™*" and a
polynomial matrix X € R[£] " with appropriate dimensions such that

EX(E) = AX(&)+BSuX (&), (4.662)
S X (&) = CX(§)+DSuX (&), (4.66b)

giving a state-representation of the LPV system S.
Consider again the SISO case. By choosing X as

X@E)=[1¢& ... gn2 gnlt]l (4.67)

algorithm (£.66a-b) results in the companion-reachability canonical form D‘igzsc (S),
while R (S) is obtained via

[1] 4. +t€'nd—1
[2] o Em2
X&) =2 (R) = : : (4.68)
e
L 1 u
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Claim 4.2 The R (S) and S‘ifSRSC (S) SS realizations of a SISO Rio(S) via [{.66d-
b) are completely state-reachable. They are also structurally state-observable iff R’y
and R}, are coprime.

Example 4.9 (SS equivalence transformation). Consider the LPV-IO representation
derived in Example .8}

Ry(E)=E2— (14 L) e+ ™87 Ry =T (4.69)

In the following we derive a SS realization of this representation in a companion-
observability canonical form. Denote R(§) = [Ry(§) —Ru(&)], and generate the
state-map

Now with Sy =[1 0] and S, =[0 1], equations (A54ab) read as

{§2<1+$)<§ 0]:{0111 aleﬁf(llJr?) } {8 g;]Jr{ u2g§”R(§)7

I3 0 0 02
EX(E) A X(@) BS,
(1 0]=[e1 o] {5*(11+ 7 8} 10 d]+X,(E)R(E)
s s~ 7o,
X(&)
By solving these equations, it follows that
T2ko+r T2
o =0 o = — d7>+ Br=
o =1 0622=1+T B=0
C]ZO d]ZO Xul(é):l
=1 Xy(§)=0 Xw(§) =0

Then, the companion-observability canonical form results as

2 2
o _Tikstr T

o qp qp
Res(S) =11 14+ q_pl” 0
0 1 0

By applying the state transformation

—1
rep-[7 917
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on i)%g)sc (8) its equivalence with the LPV-SS representation of Example fol-
lows. The latter proves that the IO representation given by Ry and R, has the same
manifest behavior as Rgs(S).

Next we develop a SS realization of in a reachability canonical form. For
this we first transform the IO representation into an image representation
form (@.62)). Introduce the latent variable

7 T3
WL= L,y — V= WL
T4 r

By substituting wy into (Ry(q) ¢ p)y = (Ru(q) © p)u, it follows that
TgkS +r T +r b
u= o op|lw— , op lqwL +q wL.

This concludes that

J_[R@or] e [REO] [T
v] T Ri@ep]™ MR | T 7 T
X(©)

is an image representation of S. To introduce a state-map which leads to the reach-
ability form, in terms of (4.68) let

X(E)=2_(R) = [—”{ +§}

Now with Sy =[0 1]and Sy =[1 0], equations (.66ab) read as

g L))

& o1 0 1 BaRy (&)
~ P ~ < N ~ - A -~ -~
cX(8) A X(&) BS.X(&)
_ rt‘?
R{](é):[cl CQ] |: r] +€:|+d1R;,(é)
AV ~ “ N o~ 7
v C ~ - o
SyX(&) X\(E) DSyX (&)
By solving these equations, it follows that
2
o1 =0 0612=—Tdk7s+r Bi=1
o =1 062221—|-§ [32:0

C1=O C) = d1=()
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The corresponding reachability form is

2
0 Tt
q p
® P
Rs(S)= |1 15, 0
T

o T
q p

0

By applying the constant state transformation

-T2 0

2
T3

on 9%% (8) its equivalence with the LPV-SS representation of Example B.17lfollows.
This proves equivalence with the LPV-SS representation of Example[3.22land hence
also with the previously derived D‘igg (S). O

4.3.7 State-Construction in the MIMO Case

In the MIMO case, algorithms (#.34d-b) and (@.66a-b) also provide SS realizations
of 10 representations, however with different selector matrices (due to the multi-
dimension) and with a more complicated path to select independent rows from the
shift-map for X. It is only guaranteed that at least n, number of rows of the shift-
map are independent, thus such a selection is not evident. Similar to the selection
schemes generating the SS MIMO canonical representations, only certain selection
strategies for X lead to the MIMO observability and reachability canonical forms.
Thus minimality of the obtained SS realizations via algorithm (.34a-b) and (.66a-
b) is not guaranteed in the general sense.

4.4 Conclusions

In this chapter, we have established equivalence transformations between the state-
space and the input-output representation domains. These transformations and the
corresponding algorithms have been introduced to enable comparison of LPV model
structures and identified models later on and also to provide essential tools to de-
velop LPV identification via OBF model structures. Additionally, we have defined
observability and reachability canonical SS representations of LPV systems and we
have shown that they provide a simple gateway for the conversion between the rep-
resentation domains. Furthermore, it has been shown that the transpose of a LPV-SS
representation does not have the same manifest behavior, which is a notable differ-
ence with respect to the LTI theory. This property also proves that coefficients of
canonical forms that structurally seem to be the transpose of each other (like the
reachability and observability forms), are not equal. The connection of the intro-
duced canonical forms with the applied theories of the current LPV literature has
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also been investigated. This lead to the conclusion that the common practice to use
LTI theory to compute canonical forms or provide a SS realization for LPV systems
yields SS representations that do not have an equal manifest behavior. We next ex-
plore if a series-expansion representation of LPV systems is available and can be
used to establish truncated series-expansion models for the identification of LPV
systems just as in the LTI case.



Chapter 5
LPV Series-Expansion Representations

Abstract. In this chapter, series-expansion representations of LPV systems for a
given IO partition are developed using the framework of the behavioral approach.
In fact, expansion of DT asymptotically stable LPV systems is considered in terms
of OBFs and the connection between this type of expansion and the gain-scheduling
principle is explored. It is shown that this series-expansion representation is unique
and always exists for the considered system class and in some cases only a finite
number of the expansion coefficients are nonzero. This implies that finite truncation
of a OBFs-based series-expansion can be used as a model structure for the identifi-
cation of asymptotically stable DT-LPV systems similar to the LTI case.

5.1 Relevance of Series-Expansion Representations

In the LTI framework, series-expansion representations have proved their usefulness
in a number of contexts. They not only characterize a unique representation of the
input-output (10) system dynamics, like impulse-response representations, but they
also provide model structures, like orthonormal basis functions (OBFs)-based mod-
els, that provide an efficient alternative for LTI system identification. Using such
model structures for the identification of LPV systems has a number of attractive
proprieties and it would also allow the extension of the OBFs based identification
approaches to the LPV case (see the argument of Chap. [I). Based on this, we de-
velop in this chapter the concept of series-expansion of LPV systems in terms of
OBFs, providing a unique perspective on the representation of the system dynamics
with respect to an 1O partition. This enables the formulation of the one-step ahead
predictor in the LPV prediction-error identification framework and also the intro-
duction of model structures as the finite truncation of a OBF series-expansion with
respect to a LPV system. These model structures are vital ingredients of the LPV
identification approach developed later.

To simplify the discussion and to avoid cases that are complicated but unimpor-
tant for the intended identification approach, we restrict the discussion to discrete-
time (DT) asymptotically-stable LPV systems.

R. Téth: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 131
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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5.2 Impulse Response Representation of LPV Systems

As a first step, we develop the series-expansion representation of DT asymptotically
stable LPV systems based on a pulse basis (see Sect. 2.1l for the definition of the
pulse basis). LPV systems can not be handled in the frequency domain, thus we
develop the concept of series-expansion in terms of the time operator form of the
pulse basis. As we will see this results in a convolution based description of the
system dynamics. To develop such a description, we first introduce the filter form
of an LPV-IO representation. Then we generate the expansion in terms of the pulse
basis by recursive substitution of the filter form. We show the uniqueness and the
convergence of the resulting expansion coefficients. Additionally we briefly cover
how this series-expansion can be generalized to unstable and continuous-time (CT)
systems.

5.2.1 Filter Form of LPV-10 Representations

Based on the previously given line of discussion, first the filter form of LPV-10 rep-
resentations is introduced. Let a discrete-time (DT) LPV system S = (Z,P, W B)
be given with an IO partition w = Col(u, y) and scheduling variable p. Assume that
S is asymptotically dynamically stable and that a minimal IO representation Rjo (S)
of S is given, characterized by R, € R[&]"Y*"U and a full rank Ry € R[E]"Y " with
Deg(Ry) = ny > nyp, = Deg(Ry). In this way, the behavior 9B is described by the re-
lation

na ) ny )
Y (aiop)qy =Y, (bjop)du, (5.1)
i=0 j=0

for every (u,y,p) € B with left compact support. Without loss of generality, as-
sume that Ry is monic and multiply (5.1) by " according to the non-commutative
multiplication rules in discrete-time (see Def.[3.16). The resulting expression is

na—1

. iy «— .

y==3 (@™op)dy+ Y (b, op) 52
i=0 j=0

where . (") denotes the backward shift operator applied on the coefficient function

for n, times. As only the backward time-shifted versions of y appear on the right

side of (3.2)), the relation (3.2)) is called the filter form of (5.I).

5.2.2 Series Expansion in the Pulse Basis

Assume that n, = np, which can be realized by including extra coefficients
{b Y et i tbat are zero .functions.. By substituting the relation (3.2)) recursively into
itself to eliminate the shifted versions of y we obtain:

1

y=(goop)u+(giop)q 'u+(g2op)q 2u+... (5.3)
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where

g1 = bnrl("*’> — &y, )b, (at D)
— — —
g = bna_z("a) & na_l(”a)bna_l(”a+1) & na_z(”a) na(”a+2) +

o ) g D (rat2),
It is obvious that {go,g1,82,...} are meromorphic coefficient functions. Further-
more, they are backward-shifted combinations of the coefficients of Rjo(S) and
due to the minimality of PRjo(S) they are unique with respect to the considered IO
partition of S. In addition, the signal trajectories (u,y,p) € B described by (1)
have left-compact support. This means, that there exists a n € N, such that after
n substitutions of the relation (3.2) recursively into itself, y vanishes from the ex-
pression (3.3). This shows, that by this recursive substitution we have obtained an
infinite expansion of (5.2) in terms of the LTI pulse basis {1,q~',q72,...} with
coefficients g; € R"™>*" for i = 1,2,... . If the coefficients of PRjo(S) have static
dependence or they are all dependent only on the backward shifted versions of p,
then each g; depends only on the past values of p.

Furthermore, in case of a given scheduling trajectory p € Bp, and a pulse input
at k = 0, the output trajectory of S satisfies

¥(0) = (00p)(0), y(1)=(g1op)(1), ¥(2)=(g20p)(2),

thus {g;}> , can be considered as the impulse response coefficients of S for the
considered 1O partition. Additionally, the asymptotic stability of S implies that

y(k) — 0, as k— oo, (5.4)

which means that the sequence of coefficients {g;};* , converges to zero along every
scheduling trajectory p € Bp. Thus

ilijg(giop)(i) =0, VpeBp. (5.5

This implies that due to the shift-invariant property of ‘B:
ili_{ilo(giop) =0, VpeBp, (5.6)
holds, which means that the sequence of coefficient functions {go,g1,82,...} con-
verges to the zero function with respect to Bp. It is also important that asymptotic

stability of S implies BIBO stability in the {. norm:

supllu(k)[| < e = supl|y(k)|| < -ee.
k>0 k>0
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As (33) holds for any (u,y, p) € B with left compact support,

(supllu(k)||<°° and Suply(k)||<°°> = sup ) [[(giop)(k)[ <eo. (5.7)
k=0 k>0 k>0j=0

These properties yield the following theorem:

Theorem 5.1 (Existence of series-expansion representation, pulse basis). Any
asymptotically stable, discrete-time LPV system S = (Z,P,W,B) with an IO par-
tition (u,y) has a unique, convergent series-expansion in terms of the pulse-basis
{q7'}z., and coefficients g; € R™ ", such that

=

y=> (giop)q 'u, (5.8)
i=0

is satisfied for all (u,y,p) € Bp with left compact support.

For a proof see Appendix[A.2l The LPV series-expansion in terms of the pulse basis
is similar to the series-expansion in the LTI case (see (2.4)). This means that the
LPV system has a convergent series-expansion in terms of an LTI basis, which has
a strong connection to the gain-scheduling concept of LPV systems (see Sect. 5.3.1]
and [194]). Furthermore it is a general property of the expansion coefficients {g;};*
that they have dynamic dependence even if the original 10 representation, used for
their computation, has coefficients with static dependence.

Note that in case of a uniformly frozen unstable LPV system (S is unstable
for every constant scheduling trajectory in ‘Bp), a series-expansion representation
can also be derived in terms of the pulse basis {q',q%,q%,...}. If the system is
only non-uniformly frozen stable, then the series-expansion follows by taking the
two sided pulse basis {... .q ' 1,q,.. .}. These cases are not treated here as they
would require additional technicalities. Additionally, we will restrict the scope to
asymptotically-stable LPV systems for the identification approaches described in
Chaps. [8HOl Furthermore, the continuous-time case of series expansions is also not
covered. One of the reasons is that in the introduced behavioral framework it would
be cumbersome to handle £ ~!, which corresponds to an integral operator in CT. An
additional problem is that even if CT systems admit an impulse response form, the
unit-step function, which is associated with ’é_l = s~ in the LTI case, is not an H»
function, thus it does not correspond to a basis function sequence. Remember, that a
CT basis is related to its DT counterpart by the bilinear transformation (Z.24)). Based
on these considerations, we only treat the asymptotically stable DT case.

5.2.3 The Impulse Response Representation

Based on Th.[31] it is possible to define the series-expansion representation of S in
terms of the LTI pulse basis {1,q~',q72,...} as follows:
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Definition 5.1 (LPV series-expansion representation, pulse basis). The pulse ba-
sis series-expansion representation of a discrete-time asymptotically stable S =
(Z,P C R" R"™*Y B) with scheduling signal p and 10 partition (,y) is denoted
by R (S) and defined as:

o

y=2(gop)q u (5.9)
i=0
where g; € R0, i € [[J" are the meromorphic expansion coefficients. (]

In the following, we call this representation the impulse response representation
(IRR) of the LPV system. Note that PRy (S), similar to the IO representations, de-
scribes the behavior of S restricted to signal trajectories with left-compact support.
However, in contrast with other LPV representations, it is unique. It is also impor-
tant that an equivalence transformation exists from IO representations to the IRR
domain, i.e. Rjp(S) can be always transformed to Ry (S) if S is asymptotically
stable. See Example [5.1]for the construction of an IRR. On the other hand, realiza-
tion of an LPV-1O representation from the IRR in the general case is unsolved yet.
Alternatively, the use of the LPV extension of the Ho-Kalman algorithm provides a
LPV-SS realization of a given sequence of PV impulse response coefficients for a
priori chosen class of functional dependencies (see for further details).

Example 5.1 (Pulse basis series-expansion representation of an DT-LPV system).
Consider the DT-LPV-IO representation Rjo (S) given in the following filter form:
y=-0.2q"'y—0.1pq %y +sin(p)q 'u,
with P = [0, 1]. By recursive substitution of this equation for q~ 'y, q 2y, ..., the

following series-expansion in terms of the pulse basis functions {q_l,q_z, ...} re-
sults:

y=sin(p)q 'u—10""2sin(q ")q 2u+10""- (0.4 — 1p)sin(q2p)q 2u+...
N 7 ~ ~ - ~ ~ -

g1op —g20p g3op
The resulting expansion coefficients are uniquely defined by the above expression
with gg = 0. As R0 (S) corresponds to an asymptotically stable behavior, the above
series expansion is convergent. This can be seen from the decreasing magnitude of
the Markov parameters. (]

5.3 LPV Series Expansion by OBFs

As a next step, we generalize the LPV series-expansion concept to general OBFs in
RH,— (E). To do so, we first show that each element of the pulse basis sequence
can be written in a series-expansion form of an orthonormal basis @,, of RH,_ (E).
By substituting each pulse function by its expansion in terms of a @, the series-
expansion of a Rjo(S) can be obtained for general orthonormal basis functions in a
similar way as before.
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Consider an OBF set @., C RH,— (). Then, based on the LTI transfer function
theory, a pulse basis function g7/, i > 0 has a unique series-expansion in terms of

D, = {‘pz ;0:1: B
q " =Y wij6;(q), (5.10)
j=1

where w;; € R, i,j € I, are the expansion coefficients. This series-expansion is
convergent and it is a well-known property that for all i € I7, the sequence {w; j};"zl
is an £, sequence. Additionally, the same property holds for each sequence {w;;}> ;.

As a next step, by using the relation derived in the previous part, we develop
the series-expansion of a minimal R0 (S) in terms of an OBF set @, = {¢;}7_ in
RH;>— (E). Let S be asymptotically stable and assume that the pulse basis expansion
of Rio(8S) has been derived in the form of (3.9). Then by substituting (3.10) into
the expansion (3.9), we obtain

o =

y=(goop)u+(giop) X wi;dj(q)u+(g20p) D wrjdj(qu+...
j=1 j=1

By rearranging this expression we arrive at

y=(go<>p)u+< wilgi<>p>¢1(q)u+< wizgi<>p>¢z(q)u+m
i=1 i=1

~ ~ - ~ ~ -
w op wrop

where {wj, w», ...} are the coefficient functions of the new series-expansion in terms
of the basis @,... Note that for each j € I, {w; j}f’:l is an ¢, sequence. Furthermore
the expansion coefficients satisfy (3.6) and (3.7) for every p € Bp. Thus, each w;
exists and it is an element of R™Y*"U_ Furthermore, zero convergence of all {w; j};"zl
and (577) implies that the sequence {wy, ws, ...} converges to zero for every p € Bp
similarly as in the pulse-basis case. Based on this, the following theorem holds:

Theorem 5.2 (Existence of series-expansion representation, OBFs). Ler @, =
{0}, be a collection of orthonormal basis functions in RH>_ (E) with poles
{M,A2,...} satisfying the completeness condition Y- (1 — |Aj|) = eo. Then any
asymptotically stable, discrete-time LPV system S = (Z,P, W,B) with an IO parti-
tion (u,y) has a unique series-expansion in terms of @, = {¢; 1 with coefficients
w; € R™>*" | such that

y=(apop)u+t 3 (wop)piq)u, (5.11)
i=1
is satisfied for all (u,y,p) € Bp with left compact support.

For a proof see Appendix Note that the rate of convergence of the series-
expansion directly depends on the basis sequence @,,. Moreover, it is a general
property of the expansion coefficients {w;}7 , that they have dynamic dependence.
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In contrast with the LTI case, commonly the analytical computation of these coeffi-
cients is only available in an approximative manner by truncating their infinite sum
relation with respect to the impulse response coefficients.

5.4 The OBF Expansion Representation

Based on the series-expansion concept, developed in the previous section, we can
extend Def. 5.1l We call (5.11)) the discrete-time OBF expansion representation of
the LPV system S = (Z,P C R" R"* 9B) in terms of the orthonormal basis
functions @,, = {¢;}7 ,, and we denote this representation as Rogr(S, ., ). Similar
to the IRR, Ropr(S, @.,) is unique and describes the behavior of S restricted to
signal trajectories with left-compact support. An additional similarity is that the
equivalence transformation from IO representations to the expansion representation
domain exists, however realization in the other direction is unsolved. See Example
Bl for the construction of a LPV-OBF expansion representation.

Example 5.2 (OBF series-expansion representation of an LPV system). Continue
Example 5.0l to develop the series-expansion of the considered Rjo(S) in terms of
the Laguerre basis @;° = {¢;}7~, with poles A; = 0.5. Based on the LTI transfer
function theory, the pulse basis {q~',q72,...} has the following series-expansion
in terms of @;°:

q ' =0.866¢1(q) —0.433¢2(q) +0.217¢5(q) + ...
q 2 =0.433¢1(q) +0.43305(q) — 0.54193(q) + ...
q > =0.217¢1(q) +0.54192(q) — 0.108¢3(q) +. ..

Then by substituting these series expansions into the pulse basis expansion of Ex-
ample[3.1] it follows that

y=(wiop)1(qQu+ (wrop)dp(qlu+... (5.12)
where

w; o p =0.866sin(p) — 0.086sin(q ' p) +0.022 (0.4 — 1p)sin(q 2p) +...
wy o p =—0.433sin(p) — 0.086sin(q ' p) +0.054 (0.4 — 1p)sin(q 2p) +...

Note that the infinite sum expression of the coefficients {w;, w»,...} converges as
the expansion coefficients of each Laguerre basis ¢;(q) with respect to the pulse
basis corresponds to an ¢, sequence. In this way, the resulting expression is the
series-expansion of Mo (S) in terms of @;°. Note that the coefficients {wy, u»,...}
of this new series-expansion are linear combinations of the coefficients of the IRR.
The weights of these linear combinations are uniquely determined by the series-
expansion of the pulse basis functions in terms of @{°. (]

Similar to the LTI case, expansion representations have the property that the relative
contribution of the basis, i.e. the =z; functions, converge to the zero function on Bp



138 5 LPV Series-Expansion Representations

as i — oo. In this way, for an asymptotically stable LPV system, it is always possible
to find a finite @, C @, i.e. the truncation of (3.11)), with a relatively small number
of functions, such that the representation error for all (u,y, p) € 9B is negligible. This
provides an efficient approximation of the system. Based on this, finite truncation
of a OBF based expansion representation can be used as a model structure for the
identification of asymptotically stable DT-LPV systems. Similar to the LTI case,
identification based on this type of model structure reduces to the estimation of the
meromorphic coefficient functions {=;}} , which appear linearly in the dynamic
relation.

5.5 Series Expansions and Gain-Scheduling

There is an interesting relation of the OBF expansion representation and the gain-
scheduling principle. This relation helps to understand whether an orthonormal basis
is adequate for the series-expansion of the LPV system, i.e. how the rate of conver-
gence of the expansion can be characterized. In the following, we explore this re-
lation by first showing that for constant scheduling trajectories the OBF expansion
representation is equivalent with the series-expansion representations of the frozen
system set. As a next step we show, that this equivalence implies that for some LPV
systems, KnW optimality of the basis with respect to the frozen system set implies
an optimal convergence rate of the series-expansion in the LPV case.

5.5.1 The Role of Gain-Scheduling

Let Ropr(S, D..) be the expansion representation of a discrete-time asymptotically
stable LPV system S in terms of an orthonormal basis @,, C RH,_ (E). Denote
by Zs the frozen system set of S, and introduce § as the set of transfer functions
associated with each F;, € %s for the 10 partition (u,y). As S is asymptotically
stable, each F;, € § is in RH, () and the strictly proper part of F;, has a convergent
series-expansion in terms of @,,. It is obvious, that in case of a constant scheduling
signal p(k) = p, the expansion coefficients {=;}7 ) of Ropr(S, @.,) satisfy that

wop = wpp, (5.13)

where Wip € R, i € I are the expansion coefficients of the transfer function £}, with
respect to @.. In this way, @, with coefficients {wj, };- characterizes the behav-
ior of each F3, € %s in terms of an LTI expansion representation. We have already
discussed that by the gain-scheduling principle, an LPV system can be viewed as a
collection of LTI behaviors (frozen system set) and a scheduling signal dependent
function set (scheduling functions) that selects one of the behaviors to describe the
possible continuation of the signal trajectories at every time instant. Form the pre-
vious observation it is clear, that the basis @, with coefficients Wiip characterizes
all frozen systems .%g, while the remaining part of the LPV dynamic relation is in

oo

the global expansion coefficients {;}; . This provides the conclusion that from
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the gain-scheduling perspective, series-expansion separates the LPV system into a
frozen behavior set, described as the linear combination of the basis functions, and
a scheduling function set, which is represented by the expansion coefficients.

5.5.2 Optimality of the Basis in the Frozen Sense

Now we can use this insight to consider the question, how the basis should be chosen
to achieve a fast convergence rate of the LPV series-expansion. This problem has
a key importance in using truncated series expansions as model structures for LPV
system identification as it formulates the optimality of a model structure with respect
to a given system. To simplify the following discussion, we only investigate the
SISO case.

Consider the optimality concept of OBFs in terms of the Kolmogorov n-width
theory discussed in Sect. By this concept, for a given transfer function set § C
R'H,— (E) with pole locations

Q={AecC|Aisapoleof F € §}, (5.14)

the finite set of OBFs @, C RH,_ (E) is called optimal in the n-width sense, if the
subspace

M, = Span(®D,), (5.15)
has the minimal distance in terms of (2.37)) for the worst-case F € §. Denote by tD;;
the Hambo basis generated by the inner function Gy, with n, number of poles and
let di,'l’ge describe the Hambo functions obtained with 7. as the number of extensions
of Gy, (finite truncation of (D;’l; ). It has been shown in Sect. that if (15,'l’ge with
ne > 0 is optimal in the n = (n. + l)ng—width sense with respect to §, then the rate
of convergence of the series-expansion of each F' € § in terms of CD;’,; is optimal and
it is bounded by p”*! where

p = sup|Gy(1/A)]. (5.16)
reQ

This means that in the series-expansion of any F € § with a n = (n. + 1)ng-width op-

timal Hambo basis @7 = {¢; ]}’;lljg, there exists a y > 0 such that all expansion

coefficients w;; € R satisfy:

|y < yplretDEDI, (5.17)
It is obvious that if § corresponds to the transfer function set of .%s with respect to
a given IO partition and the Hambo basis (D;; is n = (ne + 1)ng-width optimal with

respect to §, then there exists a ¥ > 0 such that the expansion coefficients of the
LPV system in terms of CD;’,; with respect to the considered IO partition satisfy that

[(wijo p) (k)| = |wyjip| < yp et DEVI vk e . (5.18)
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for any constant scheduling trajectory p(k) = p. This means that if the basis is op-
timal with respect to the frozen transfer function set of the LPV system, then fast
convergence rate of the expansion coefficients holds in the frozen sense. However,
this does not imply fast convergence for non-frozen scheduling trajectories in the
general case. This leads to the conclusion, that to achieve a fast convergence rate
for the expansion of general LPV systems, a necessary condition is to have fast
convergence with respect to the frozen system set.

5.5.3 Optimality of the Basis in the Global Sense

As a next step, we investigate when it is possible to characterize the convergence
rate of the global expansion coefficients based on the KnW optimality in the frozen
sense. Though, it has been not proven explicitly, empirical results show that opti-
mality with respect to the frozen system set is also a sufficient condition to achieve
optimal convergence rate of the expansion if the LPV system has a IO representation
with static coefficient dependence. This is formalized in the following conjecture:

Conjecture 5.1 (Optimal basis). Given a discrete-time asymptotically stable SISO
system S = (Z,P C R"* ,R?,9B) with scheduling vector p and IO partition (u,y).
Assume that there exists a minimal PRjo(S) such that all coefficient dependencies
in MRyo(S) are static. Denote by .%s the frozen system set of S and let § be its
associated transfer function set with respect to the IO partition (u,y). Let <15°° =

{o} 2
to § W1th convergence rate p. Then, there exists a set of meromorphic expansion
coefficients =;; € R and y > 0, such that for all (u,y,p) € B with left compact
support:

be a Hambo basis which is n = (n. + 1)ng-width optimal with respect

=) }’lg
y=(woop)u+y, Y (wjop)dij(q)u, (5.19)
i=0j=1
and
[(wijop) (k)| < yp i1t wp e By and Vk € Z. (5.20)
If additionally,
FC Span{@,’l’ge}, (5.21)
is satisfied, then
wjjop =0, (5.22)
foralli > ne and j € I}%. 0

Conjecture [3.1lis of crucial importance even if its proof is an open problem for the
general case. By this concept, under the condition of a minimal IO representation
with static dependence, the KnW optimality of the basis with respect to the frozen
system set can imply optimality of the basis in the series-expansion of the LPV
system. Optimality in the latter case means that the same convergence rate of the
expansion coefficients is satisfied both in the global and in the frozen sense. Fur-
thermore, an asymptotically stable LPV system can have a finite series-expansion
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in terms of a basis that can represent all the frozen transfer functions of the system
by linear combinations. For example in case of LPV systems with a minimal SS
representation where the A and B matrices are constant and the C and D matrices
have static dependence, (3.21) is satisfied for a basis function set with poles equal
to the eigenvalues of A. In that case, a series-expansion exists with finite nonzero
expansion coefficients. This gives the conclusion, that to achieve a fast conver-
gence rate for the expansion of this subclass of LPV systems, it is both a necessary
and a sufficient condition to have fast convergence with respect to the frozen local
system set.

5.6 Conclusions

In this chapter, series-expansion representations of DT asymptotically stable LPV
systems for a given IO partition have been developed based on the concepts of
the behavioral approach. We investigated expansions in terms of orthonormal basis
functions with the intention to use finite truncation of these expansion representa-
tions as a model structure for the identification of asymptotically stable DT-LPV
systems later on. The developed theory enables the use of the LTI OBF-based iden-
tification approach in the LPV case, which is of crucial importance in providing
an efficient and theoretically well-founded LPV identification method. The connec-
tion between series-expansion representation and the gain-scheduling principle has
been explored, showing that the expansion coefficients of the basis sequence char-
acterize the scheduling function part of the LPV system, while the basis functions
are strongly related to the frozen system set. Based on this connection, it has been
proven that KnW optimality of a basis sequence, with respect to the frozen system
set of a given LPV system S, implies an optimal convergence rate of the series-
expansion in these basis functions in the worst case sense along all possible constant
scheduling trajectories. It has been also motivated that for systems with minimal IO
representations having static coefficient dependence, optimal convergence rate of
the LPV series-expansion with such a basis also holds for every scheduling trajec-
tory. As we will see in Chap. [8] these properties have a paramount importance for
OBFs-based model structure selection in LPV identification.



Chapter 6
Discretization of LPV Systems

Abstract. This chapter is devoted to the discretization of LPV systems through the
discrete-time projection of their state-space representations. Both exact and approx-
imative approaches are developed in a zero-order hold setting. Primary attention is
given to the discretization of state-space representations with static coefficient de-
pendence. For this case, criteria are derived to assist the choice of the sampling-time
in terms of preservation of frozen dynamic stability and acceptable upperbound on
the discretization error.

6.1 The Importance of Discretization

Transformation between LPV systems represented on the continuous-time (CT) and
the discrete-time (DT) axis, has primary importance both for system identification
and control synthesis:

Implementation of LPV control solutions in physical hardware often meets sig-
nificant difficulties, as CT synthesis approaches (see [134, [160]) are preferred over
DT solutions (see [6} [133]]). The main motivation for this preference is that stabil-
ity and performance requirements for LPV systems can be expressed significantly
easier in CT, like in a mixed sensitivity setting [240]. As a result, the current design
tools focus on continuous-time LPV state-space (SS) controller synthesis, often in
an LFR form, requiring efficient discretization of such representations for imple-
mentation purposes.

In the LPV modeling framework, first principle LPV models of nonlinear sys-
tems are also often derived in a CT form. In LPV system identification, such models
serve as a primary source of information to assist adequate model structure selec-
tion in terms of order, type of coefficient dependence, etc. However, current LPV
identification methods are developed exclusively for DT. This means that DT pro-
jection of first principle LPV models is required to assist model structure selection
for practical identification.

These issues show how crucial is to well explore and analyze general discretiza-
tion of LPV representations. Surprisingly, the existing literature about LPV dis-
cretization is very limited. In the early work of [4]], three different approaches have

R. Toth: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 143
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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been introduced based on an isolated (stand-alone discretization of a CT system
aiming at only the preservation of the CT input-output behavior) zero-order-hold
(variation of free CT signals is restricted to be piecewise-constant) setting. These ap-
proaches: the complete, the rectangular, and the trapezoidal methods have been de-
veloped for the discretization of LPV-SS representations by extending the concepts
of the LTI framework (see [119]). However, only a limited discussion on the dis-
cretization error of the introduced approaches and on their applicability for specific
LPV systems has been provided. In [69]], an attempt has been made to characterize
the discretization error of the rectangular method by expressing the approximation
error of the involved state-space matrices. Other types of discretization techniques
or criteria for the selection of sampling-time have not been investigated, leaving
the-state-of-the-art of LPV discretization incomplete.

In this chapter, we aim to complete the extension of the isolated discretization
approaches of the LTI framework. We also focus on comparing the properties of
the resulting methods with questions of sampling-time choice, preservation of sta-
bility, and discretization errors. Our main purpose is to give tools for the use of CT
first principle knowledge in the model structure selection of DT-LPV identification
approaches. In this chapter we restrict attention to SS representations, however the
methods discussed can be extended to other representation like LFR’s (see [199])).

6.2 Discretization of LPV System Representations

As a first step, the considered discretization setting is established. Similar to the
major methods of the LTI case, we consider an isolated approach in an ideal ZOH
setting presented in Fig. where the following assumption holds:

Assumption 6.1 Given a CT-LPV system S, with input-output partition (u,y) and
scheduling signal p, where u and p are generated by an ideal ZOH and y is sampled
in a perfectly synchronized manner with sampling time Tq € R™. The ZOH and the
instrument providing the output sampling have infinite resolution (no quantization
error) and their processing time is zero.

The problem we intend to solve in the following part is to find the DT equivalent

9

of a given CT-LPV system according to Assumption[6.1] Introduce subscript “4” to
denote sampled/discretized signals. Then it holds for the signals of Fig. that

u(t) == uq(k), VtelkTq,(k+1)Tq), (6.1a)
p(t) = Pd (k)a vt € [dea (k+ I)Td)a (61b)
ya (k) := y(kTa), (6.1c)

for each k € Z, meaning that u and p can only change at every sampling-time in-
stant. However, in the LPV framework p is considered to be a measurable exter-
nal/environmental effect (general-LPV) or some function of the states or outputs of
the system S (quasi-LPV). Therefore, possibly it can not be fully influenced by the
digitally controlled actuators of the plant which contain the ZOH. Furthermore in
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Fig. 6.1 Ideal zero-order hold discretization setting of general LPV systems.

Sect. equivalence of CT and DT behaviors under a given sampling-time has
been established without any restrictions on the variation of u or p.

On the other hand, the variation of u and p inside a sample interval must be
restricted to exactly characterize the effect of these signals on the plant. The reason
is similar as in the LTI case. In DT, observations of the CT signals u and p are
only available at each sampling-time instant. Thus there is no information about the
trajectory of these signals during the sample interval. This means that the output
signal can not be uniquely determined, unless the variation of the signals u and p is
restricted to a certain class of functions. In the ZOH setting, this function class is
chosen to be the piecewise constant (zero-order) class. It is also possible to choose
this class wider, including linear, 2nd_order polynomial, etc., functions and in this
way to define higher-order hold discretization settings of LPV systems. However, in
conclusion it holds true that in any LPV discretization setting, the variation of the
scheduling signals must be restricted, otherwise the resulting DT description would
not be well-posed.

By applying the ZOH setting for the discretization of a given LPV representa-
tion, the piecewise-constant variation of p implies that coefficients with dynamic
dependence simplify as the derivatives of p are zero inside the sampling interval.
This means, that unless the representation has static dependence, the ZOH setting
may result in the loss of certain parts of the original behavior. Based on this, we as-
sume that the CT representation to be discretized has static coefficient dependence.
Later we explore how this limitation can be overcome, i.e. how the discretization of
representations with dynamic dependence can be properly handled.

In conclusion, the introduced discretization setting coincides with the conven-
tional setting of the LTI framework. Moreover, the presented setting is also appli-
cable to closed-loop controllers in the structure given in Fig. This closed-loop
setting has also been used in [4]]. Note that the assumption that the scheduling vector
of the continuous LPV controller is affected by the ZOH setting, i.e. it can only vary
in piece-wise manner, also holds in this case.
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Fig. 6.2 Ideal ZOH discretization setting of closed-loop LPV controllers.

6.3 Discretization of State-Space Representations

Based on the previously introduced discretization setting, the isolated approaches
of the LTI framework are extended to the LPV case. The extension only given with
respect to LPV-SS representations. In case the system description is available in the
form of an other representation, using the equivalence transformations developed
in Chap. [l an equivalent SS realization can always be obtained. Additionally, we
assume that the SS representation has only static coefficient dependence. For the
case of dynamic dependence see Sec. Investigation of the discretization errors
and other properties is postponed till Sections[6.4land[6.3] Before venturing into the
derivation of discretization methods, consider the following phenomenon:
For the continuous-time signals u, p defined through (&.1a-b) it holds that

u(t) = i 1(t — kTa) (ug (k) — uq (k—1)), (6.22)

k=—oco

p(t) = i 1(t —kTq) (pa (k) — pa (k— 1)), (6.2b)

k=—oco

where 1 (¢) is the unit-step function (positive zero assumption based Heaviside func-

tion) defined as
__J 0, ift<0;
L(r):= { 1 ifr>0. (6.3)
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The result of 1 (# — kTq) on PRss(S) in every sampling period is called the switching
effect of the ZOH actuation. Based on this, the following important assumption is
made:

Assumption 6.2 The switching behavior of the ZOH actuation has no effect on the
CT plant, i.e. the switching of the signals is assumed to take place smoothly.

The analysis of the consequence of this assumption is postponed till Sect.

6.3.1 Complete Method

First the complete signal evolution approach of the LTI framework is extended to
the LPV case. Let a continuous-time gs(S) be given in the ZOH setting. Based on
Assumption[6.]] i.e. p and u are constant signals inside each sampling interval, the
state-equations (3.44a-b) of Rss(S) can be written as

x(t) = (Aop) (kTq)x(1) + (Bo p) (kTq) u (kTq), (6.42)
y(t) = (Cop) (kTa)x(t) + (Do p) (kTa) u(kTa), (6.4b)

forz € [kTq, (k4 1) Tq) with initial condition x (kTq). Assume that, {A,B,C,D} have
static dependence on p. Then the DT signal py satisfies thafl

(A0p)(KTq) = Alpalk)),  (Bop)(KTa) = Bpa(K)), ©5)
(Cop)(KTa) = Clpa(k), (Do p)(kTa) = Dlpalk). |

The state-equation (&.4a), associated with the k™ sampling interval, is an ordinary
differential equation (ODE). To derive a solution of this ODE, introduce f(x,u, p)
as the right hand side of (3.44a). Under Assumptions[6.J]and [6.2]it holds that

k+1 Td kJrl Td
[ feup@de= [ Apa)(e)+ Bpak)u(kTa)dr, (66
kTq kTq4

which defines the solution of (6.4a) at r = (k+ 1)Tq as

(k+1)Tg
x((k+ DT = x(kTa)+ [ flxup)(7) dr. 6.7)

kTq4

Assume that A (p) is invertible for Vp € P. By substituting xq (k) = x(kTq) and
ug (k) = u (kTq), the previous formula results in

qra = €T (P xy A1 (pg) (erA(p") —1) B(pa)uq, (6.8a)
ya = C(pa)xa + D(pa)uq, (6.8b)

I Due to the assumed static dependence of A, i.e. A € RIE*"™, it holds that (Ao p)(t) =

A(p(1)).
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where yq (k) =y (kTq). Then the complete method gived] that the DT equivalent of
Rss(S) under Assumptions 6.1 and [6.2]is [4]:

erA A71 (erA —I) B

MRss(S,Tq) 1= 6.9
ss(S.Ta) c D (6.9)
Example 6.1 (Complete discretization). Consider the CT-SS representation
2p—1 p O
Ass(S)=1 0 ~11
1 p O
with P = [—1,1]. The above representation has static linear dependence and it can

be shown that it is uniformly frozen stable. By applying the complete method to
MRss(S), the DT equivalent of this representation under the sampling-time Ty is

eTa(2pa—1)  1aTa(2pa—1) _ 1o-Tq eTd@Pa= 4 (2pg—1)eTa—~2pq
2 2 dpg—2
Rss(S,Ta) = 0 1—e”
1 Pd 0

—Tq Tq

Even for this simple LPV state-space representation, the DT projection results in a
complicated rational/exponential dependence on the samples of p. (]

6.3.2 Approximative State-Space Discretization Methods

The complete method is commonly not favored in the LPV literature as it introduces
heavy nonlinear dependence on pq, like eTaA(Pa) | which is the main drawback of
this approach. Many identification and control synthesis techniques build on the
assumption of linear, polynomial or low order rational static dependence on py,
and hence it is required to develop approximative discretization methods that try to
achieve good representation of the original behavior, but with a low complexity of
the coefficient dependence. To do that, we systematically extend the approximative
discretization methods of the LTI case, by using different approximations of the
integral that describes the state-evolution inside the sample-interval.

6.3.2.1 Rectangular (Euler’s forward) Method

The simplest way to avoid the appearance of eTe#

mation:

is to apply a first-order approxi-

eTA(Pa) o T4 TyA (pa(k)). (6.10)

2 The condition that A(p) is invertible can be relaxed by using the fact that A~!(e? —I) can
be calculated without using the inverse of A(p) (e.g. see [44]).
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Consider f(x,u,p) as defined in the previous section. Then an approximation of
the solution (6.7) can be considered by the left-hand rectangular evaluation of the
integral (@.6), which gives

x((k41)Ta) ~ x(kTq) + TaA(pa(k))x (kTa) + TaB(pa(k))u (kTa),  (6.11)

coinciding with the suggested matrix exponential approximation of (6.10). Based
on this rectangular approach, the DT approximation of Rgs(S) is

(6.12)

I1+T4A T4B
MRss (S, Ta) = [ ¢ ¢ } :

C D

Example 6.2 (Rectangular discretization). Continuing Example[6.1] the rectangular
discretization method applied to fiss(S) results in

2Tgpa+1—Tq Tap4 0
Rss (S, Ta) ~ 0 1-Tqg Tq
1 Pd 0

Comparing this DT approximation with the result of the complete method (Example
6. 1)) illustrates the difference in complexity of the resulting coefficient dependencies.
|

6.3.2.2 Polynomial (Hanselmann) Method

It is also possible to develop other methods that achieve better approximation of
the complete case but with increasing complexity. As suggested in the LTI case by
Hanselmann [70], one way leads through the use of higher order Taylor expansion
of the matrix exponential term:

eTaA(palk ~1+Z dAl (pa(k (6.13)

This results in the extension of the LTI polynomial discretization methods. Substi-
tuting (&.13)) into (€ gives the following SS representation:

n—1 ol
I+ z MAl T <[+121 ,}il,Al)B

C D

Rss(S,Tq) ~ (6.14)

Example 6.3 (Polynomial discretization). Approximating the LPV-SS representa-
tion of Example[G.1]by the 2"%-order polynomial method results in

1+ Ta(2pa— 1)+, T3(2pa—1)* (Ta—T)pa+T3p;  5T3pa
MRss(S,Tq) =~ 0 1-Tq+ 2T(21 Td—éTg
1 Pd 0
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Due to the polynomial approximation, the originally linear coefficient dependencies
are transformed to polynomial functions with order 2. ([

6.3.2.3 Trapezoidal (Tustin) Method

An alternative way of approximation leads through the extension of the Tustin
method. By using a trapezoidal evaluation of integral (6.6) we obtain:

x((k+ I)Td) %x(de) + 'I; (f(xvuvp)(de) +f(x’u’p)((k+ I)Td))a (6.15)

Using this approximation, the derivation of the LPV Tustin method can be given
similarly as in [4]]. The key concept is to apply a change of variables:

o 1 Tq Tq

= b (1= ")) xtm) - VBB 616)
\/Td 2 2

If71— Tsz (p) is invertible for all p € PP, then substitution of (6.16) into (6.13)) gives a

DT state-equation after some algebraic manipulations. Based on this state-equation,

the resulting SS representation reads as

-1 -1
(1+%4) (1- %) via(1-%4) B

Rss(S,Ta) & . .
VIC (1= %4) Yo(r1-%4) B+p

It is important to note that, like in the LTI case, the trapezoidal method approximates
only the manifest behavior of Rgs(S,Tq), as it gives an approximative DT-SS rep-
resentation in terms of the new state variable Xg.

Example 6.4 (Trapezoidal discretization). Applying the trapezoidal method to the
LPV-SS representation of Example [6.lresults in

242Tqpa—Ta 4Typq 2T, “pq
2—2T4pa+Tq (2—2Tapa+Ta)-(2+Tq) (2—2T4pa+Ta)-(2+Tq)
~ 2-Ty 2\/Tq
Rss(S,Tq) ~ 0 24T, 24T,
2y/Tq Ta+1-Tapa Tq+1-Tapa
2-2Tqpa+Ta 4V/Tapa (2—2Tgpa+Ta)-(2+Tq) 2Tapa (2—2Tgpa+Ta)-(2+Tq)

Due to the discretization method, the originally linear coefficient dependencies are
transformed to rational functions. ]

6.3.2.4 Multi-Step Methods

Next, the multistep approximation of the LTI case is extended. Consider the state
evolution as the solution of the differential equation defined by (3.444), where all the
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coefficients are assumed to have static dependence. This solution can be numerically
approximated via multi-step formulas like the Runge-Kutta, Adams-Moulton, or the
Adams-Bashforth type of approaches (see [8]]). In commercial engineering software
packages, like MATLAB Simulink, commonly variable step-size implementation of
these algorithms assures accurate simulation of continuous-time systems. However
in the considered ZOH discretization setting, the step size, i.e. the sampling rate,
is fixed and sampled data is only available at past and present sampling instances.
This immediately excludes multi-step implicit methods like the Adams-Moulton
approaches. Moreover f(x,u, p) can only be evaluated for integer multiples of the
sampling-time, as the input only changes at these time instances and the resulting
model must be realized as a single rate (not multi-rate) system. Therefore it is com-
plicated to apply methods like the Runge-Kutta approach. The family of Adams-
Bashforth methods does fulfill these requirements (see [8]]). The 3-step version of
this type of numerical approach yields the following approximation:

Xk 1)Tq) = xa (k4 1) =x(kT) + 1 (57 () (K~ 2)Ta) -

=16/ (x,u, p)((k—1)Tq) + 23 f (x,u, p) (kTq)). (6.17)

Formulating this state-space equation in an augmented SS form with the new state-
variable:

xvd (k) = COI(Xd (k) ,f(Xd,M,p)((k_ I)Td)af(xdauap)((k_ Z)Td))a (618)

leads to
AR N T
wiszo=| 4§00
C 0 0 D

The resulting DT-SS representation is an approximation of PRgs(S,Tq) in terms of
the new state variable X4. Note that multi-step discretization results in linear conver-
sion rules but the state-dimension is increased.

Example 6.5 (3-step Adams-Bashforth discretization). Applying the 3-step Adams-
Bashforth method to the LPV-SS representation of Example 6.1l results in

r 23 23 23 16 5
14 ¢Tapa— 15 Ta 12T§317d —12Td 1% »Ta 0 50 230
0 =T 0 —12Ta 0 2Ta 12Ta
2pd —1 Pd 0 0 0 0 0
0 -1 0 0 0 0 1
0 0 1 0 0 0 0
0 0 0 1 0 0 0
L 1 Dd 0 0 0 0 0 |
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As expected, the obtained DT projection preserves the originally linear coefficient
dependence. However, the resulting DT representation has a 6 dimensional state-
variable while the original CT representation has only 2 state-variables. (]

6.4 Discretization Errors and Performance Criteria

In the following part, the introduced methods are investigated in terms of the gener-
ated discretization error, numerical convergence, and numerical stability. These are
used to derive upperbounds on the sampling-time T4, that guarantee a user-defined
bounded discretization error and stability preservation with respect to the original
CT system. Moreover, the influence of the assumption that no switching effects re-
sult from the ZOH actuation is investigated.

6.4.1 Local Discretization Errors

Characterization of the discretization error for each of the introduced approaches is
important in order to study how adequate the used approximation is with respect to
the original CT behavior. It has been already emphasized that, due to the consid-
ered assumptions, the complete method theoretically gives errorless discretization
in terms of the ZOH setting. For other approaches we investigate the discretization
error in terms of the local unit truncation (LUT) error, which is often applied in
numerical analysis (see [8]]). This concept describes the error that results in each
sampling interval due to discretization.

As a first step, the LUT error, denoted by & € R, is formally introduced. Let
MRss(S) be the SS representation of the CT-LPV system S, with P C R and with
meromorphic matrix functions

A B (R‘nP)nxxnx (R|n]P)nx><nU
¢ D (Rl )" (Rlng )"0 |

defining static dependence on p. Denote by (Aq4,Bg4,Cq,Dq) the SS matrices of the
DT representation resulting by the discretization methods of Sect. applied to
MRss(S). Due to static dependence of the original representation, these matrix func-
tions also have static dependence on p4. In the rectangular and the polynomial case,
the state-basis of this representation is equal to the state-basis of the original CT
representation. However, in the trapezoidal and in the multistep cases, the resulting
DT projection also includes a state-transformation. In order to formulate the approx-
imation error of the discretization methods based on the error of the approximation
of the state evolution, the results of those discretization methods which involve state
transformation must be brought back to the original state-basis. Introduce the matrix
polynomials Ry € R[E]"**"X and R, € R[E]"™**"U, that formulate the state update of
the DT approximations on the same state-basis as in PRgg(S). In the rectangular and
the polynomial case, Rx(q) = Aq and Ry(q) = By, but in the other cases, they also
include the appropriate state-transformation. For example in the trapezoidal case,
implies that:
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Fig. 6.3 Local unit trunca- l
tion error of the discretized LUT
representation associated T
state-signal X4 with respect -~
to the CT state-signal x at -
the time-st k+1)Tq. >
e time-step ( )T4q T ket )T
Tq Tqg— -1
Ri(q)=(I+ JA||I— A , (6.19)
2 2
-1
T T
Ru(q) = 2d (1— 2d X) (B+§’q) . (6.20)
Then for each sampling interval, & is defined by
Tagkr1 = (qxa — (Rx(q) © pa) xa — (Ru(q) © pa) ua) (k). (6.21)

Note, that LUT represents the relative approximation error of the sampled state sig-
nal x4 of the CT representation by the state X4 of the DT representation, when past
samples of xq and uy are used to calculate X4 via the DT state-equation (see Fig.
6.3). Hence the name “local”. In numerical approximation of differential equations,
& is considered as the measure of accuracy. The following definition is important:

Definition 6.1 (N-consistency, based on [8]]). Let fRss(S) be the SS representation
of the LPV system S with full behavior Bgs. The discrete-time approximation of the
state-space equation (3.444) is called numerically consistent, if for any (u,x,y, p) €
Bgs, it holds that
lim sup ||&| = 0. (6.22)
Ta—0 rez

O

This means that - in case of N-consistency - the local approximation error reduces
with decreasing Tq4. However, this does not imply that the supremum of the global
approximation error,

M1 = (9% — (Rx(q) © pa) £a — (Ru(q) © pa) ua) (k), (6.23)

where % is the discrete-time approximation of the state, decreases/converges to zero
too. As a next step, the LUT error of each discretization method is investigated
together with the N-consistency.

6.4.1.1 LUT Error of the Rectangular Method
For the rectangular method, (6.21)) gives

x((k+1)Tq) = (I +TaA(pa(k)))x (kTa) + TaB(pa(k))u (kTa) + Tager1.  (6.24)
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Define the first-order Taylor approximation of x around the time instant kT4 as

2
x(t) = x(kTq) + <ix>(de) - (t —kTq) + ; <§tzx>(r), 7€ (kTq,t), (6.25)

for r > kTq4. Substraction of (6.23) for r = (k+ 1)Tq from (6.24) yields that Tq&, 1
is equal to the residual term, giving

Tq d?
Eptr1 = ) (dtzx)(f) TE (de,(k+ 1)Td). (6.26)

This shows that in the ZOH setting, the rectangular method is consistent in first-
order (in Tq) if H (fz x) (1) H < oo forall x € Bx and T € R, where Bx denotes the
projected signal behavior of Bgg on the variable x. As the meromorphic coefficients

functions in (3.44d) are partially differentiable in p, the state evolution f(x,u, p) is
partially differentiable in each variable. Then

d2x_af dx 8fdu af d
a2’ T ax drt T oud” T opart
&

Due to Assumptions[6.Tland[6.2] it holds true that (§u) (t) =0 and (§ p) (r) =01in
each sampling interval. Thus, (6.27) gives that for T € (kTq4, (k+ 1) Tq):

| (&)

where ||. || is an arbitrary norm. Note that in (6.28), X and U must be bounded sets
to be able to compute an upperbound. If this is not the case, then commonly X and
U can be restricted to a bounded subset corresponding to the image of the typical
trajectories of the system variables, like it is common in model predictive control
(see 2111). Then the previous bound can be formulated for this region of interest.
In the sequel, we denote the upperbound (&28) by M1 and call it the first-order
numerical sensitivity (N-sensitivity) constant. Note, that M (1) can be computed via
nonlinear optimization or alternatively it can be approximated through gridding.
In case of an approximation, gridding of the sets P, X, and U can be demanding,
requiring significant computational power.

(6.27)

[ A(pa(7)) - f (x,u, p)(7) |

2
< mix [ A ExrA@BEu],  ©628)

6.4.1.2 LUT Error of Other Approximative Methods

Using similar arguments, the LUT error of other discretization methods can be
formulated based on [8]. The results are given in the first row of Table[6.1] showing
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Table 6.1 Local truncation error & with 7 € (kTq, (k4 1)Tq) and with T € ((k—2)Tq, (k+
1)T4) in the Adams-Bashforth case, sampling boundary of stability Ty, and sampling upper-
bound of performance T4 of LPV-SS ZOH discretization methods.

Rectangular nM-polynomial
T d2 ™ dn+l

&k 5 (d,2x> (7) (n+d1)! (d,mlx> (7)

9 . . . _ T

Tq min  min — ZR;(QA ) argmin | max & <27:0 I?AZ (p)> -1 ‘
peP Aec(A(p)) 2] TeeR; | PEP

I Emax M n+l1 SmaxM)'{T‘ax(n-‘rl)!

Tq \/ 2" om0 \/ 100M)
Trapezoidal Adams-Bashforth (3-step)
12 (& 3p3(d

2 12Td (anx) (7) 8Ta L anx) (7)

y 5 i =

T4 max max argmin max A (Rp, .. L (E.Tg)) — 1
pel Aco(A(p)) Re() T.cR: | Pos-Pn1€P (Reo...0-1 (:T0))

Im(A)=0 0
7 \3/ 1260, My {/ Berman My
d 100M©) 30010

that each method is consistent with varying orders [190]. Moreover, using (6.27) and
the chain rule of differentiation, higher order N-sensitivity constants can be derived:

(n) — n+1 n
M pEIF’,xIneaFéuEU | A" (p)x+A"(p)B(p)u || (6.29)

6.4.2 Global Convergence and Preservation of Stability

So far, only the LUT error of the introduced methods has been investigated, giving
basic proofs of consistency. As a next step, we investigate global convergence of ap-
proximative methods together with their numerical stability (N-stability). The latter
concept means that small errors in the initial condition of the discrete-time approxi-
mation do not cause the solution to diverge. We show that for the single-step approx-
imative discretization methods, N-stability is identical with the preservation of the
frozen stability of the original representation. This means that in case of numerical
stability, the discretization method does not changes the frozen stability properties
of the discretized model, which is a prime requirement of a successful DT approxi-
mation of a CT system. To derive adequate criteria for the largest sampling-time for
which this property holds (N-stability radius), each method is analyzed and com-
putable formulas are derived. Define Z; as the set of all negative integer numbers
including 0, and Z* =7\ Z . According to the previously explained line of discus-
sion, we introduce the following concepts:
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|

T converges

A
Td
converges

A4
o~

0 Tq

Fig. 6.4 N-convergence of the DT approximation. The DT state-signal X4 converges to the
CT state-signal x of the approximated representation, if the error on the initial conditions
(past) of the approximation converges to zero.

Definition 6.2 (N-convergence, based on [8]]). Let PRss (S) be the SS representation
of the CT-LPV system S with state-signal x and projected state behavior Bk, and
let £4 denote the DT approximation of x with Tq € R™. Then a discretization method
is called numerically convergent, if for any x € Bx

lim sup || £4 (k) —x(kTq) || =0 = Tlim0 sup || X4 (k) —x(kTq) |=0. O

Tq— keZy d—Y kezt

Note that in the trapezoidal and multi-step cases, X4 is the appropriate state-
transform of X3 with respect to x. In terms of Def. N-convergence means that
the discretized solution of the state-equation can get arbitrary close to the original
CT behavior by decreasing T4 (see Fig.[6.4)).

Definition 6.3 (N-stability, based on [8])). A discretization method is called numer-
ically stable, if for sufficiently small values of T4 and €, any two state-trajectories Xq
and £}, of the discretized representation associated with the same input and schedul-
ing trajectory on the half line Z* and with ||£;(0) —£4(0)|| < € implies the existence
of a y > 0 such that || £ (k) —£4(k)|| < ve for Vk € Z*. O

The notion of N-stability means that small errors in the initial condition do not cause
divergence as the solution is iterated (see Fig.[6.3). For the approximative methods,
N-convergence and N-stability are questions of main importance. To analyze these
notions for the introduced discretization approaches, first consider the single-step
methods. Introduce the characteristic polynomial R’p € R[&] of the frozen aspects
associated with the DT approximation of Rgg(S) as

Ry (&,Ta) = Det(E1 — Aa(pa)), palk) =p, Vk € Z, (6.30)

where the indeterminant & is associated with q. Due to the multi-step nature of the
Adams-Bashforth method - to avoid conservatism of the upcoming analysis - R is
defined to reflect the multi-step nature of the state-evolution. In the n-step Adams-
Bashforth case, the state evolution with respect to discretized original state xq4 is
characterized by

n—1
E'—Ta Y, 11E'A, (6.31)
=0
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bounded
bounded T

0 T4

Fig. 6.5 N-stability of the DT approximation. If the difference between the initial conditions
of two state trajectories X4 and )Efj, provided by the approximation method for the same input
and scheduling on the half line Z™, is bounded, then the difference of the two trajectories on
Z* is also bounded.

with {}/I};’;Ol C R the Adams-Bashforth approximation coefficients (values of these
coefficients for any n > 0 are given in [8])). The form of results due to the
augmented state vector X4. However, even if PRgs(S) has static dependence, the re-
sulting polynomial in (6.3T) becomes dynamically dependent on pq. To express this,
the following local characteristic polynomial is introduced in the “frozen” sense for
a scheduling sequence po, ...,py,—1 € P:

n—1
Ryy....puy (§,Ta) = Det (5"1 —Tq ), VIA(PI)§I> ; (6.32)

1=0

Now we can formulate the following theorem to characterize N-stability of the in-
troduced discretization methods:

Theorem 6.1 (Strong root-condition, based on [8]]). Discretization methods are
N-convergent and N-stable, if for all A € C satisfying

3pos - -, Pnt1 € Psuch that Ry, | (A,0) =0, (6.33)

it holds that || < 1 or if [A| = 1, then Jy Ryy....p, , (%,0) # 0.

It can be shown, that all of the introduced LPV-SS discretization methods satisfy
Th. as the proofs given in [[8] also hold in this case. This means that all methods
discussed in the previous part are N-convergent and N-stable. Now we can extend
the root-condition to compute an exact upperbound T4 of the “sufficiently small” T4
that provides N-stability (see Def.[6.3):

Definition 6.4 (N-stability radius, [8]). The N-stability radius T is defined as the
largest Tqg € ]R(T for which all A € C with 3py,...,p,—1 € P such that

9

Rpg...pn 1 (A, Tq) =0, (6.34)
satisfy that |A| < 1. O

This definition has an interesting consequence for the discretization of LPV-SS rep-
resentations. Namely, that through the characteristic polynomial R, it implies that,
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if Tg < T4, then in the single-step cases, the resulting DT representation defines a
uniformly frozen stable system (see Sect.[3.3.2), as for this Ty it is satisfied that

max 6 (Aq(p)) <1, (6.35)
pelP

where & (.) = max|o (.)| is the spectral radius and o (.) is the eigenvalue operator. If
the original CT system S is globally stable (dynamic, BIBO, etc.), then commonly
it is desirable that its DT approximation is also globally stable. For such a property,
it is necessary that uniform frozen stability of Rss(S):

max max Re(4) <0, (6.36)
peP Aea(A(p))

is preserved, resulting in uniform frozen stability of the DT representation. This
gives the important observation that, for the introduced single-step discretization
methods, preservation of global stability of the original system and N-stability of
the discretization method both require uniform frozen stability of the resulting DT
representation [190]. For N-stability it is a sufficient, for preservation of global sta-
bility of S it is a necessary condition. Note, that this condition of N-stability is
sufficient only for representations with static dependence. In the following, we ana-
lyze the N-stability radius of each discretization method to give computable bounds
for the selection of T4 by which the discretization method preserves frozen stability
of the original system, i.e. it has N-stability.

6.4.2.1 Stability Radius of the Rectangular Method
In case of the rectangular method, (6.33)) is equivalent with

max & (I+TgA (p)) < 1. (6.37)
peP

Due to the basic properties of eigenvalues, it can be shown that (6.37) holds iff

1 1
max max —&-l‘ < . (6.38)
peP Lec(A(p)) | Ta Ty
From (6.38), the stability radius is
. 2Re (A
T¢g=max [ 0, min min — 6(2 ) . (6.39)
pel Leo(A(p)) |A]

Note that Tg = 0 in case of non-uniformly frozen stable JRss(S), meaning that the
rectangular DT approximation of non-uniformly frozen stable systems is not N-
stable. Computation of the bound is a nonlinear optimization problem for
which an approximative solution may follow by the gridding of P.
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6.4.2.2 Stability Radius of the Polynomial Method

In case of the polynomial method, (&.33) translates to
o |1+ dAl <. 6.40
max ( 2 )) < (6.40)

From (6.40), the stability radius reads as

‘5‘3@6(2 phe >> i

Again, a possible approximation of T4 can be given by applying bisection based
search in Tq on (&.41) over a grid of P. Note, that in case of non-uniform frozen
stability, T4 = 0 with this method as well.

Tq = arg min (6.41)

TR,

6.4.2.3 Stability Radius of the Trapezoidal Method

For the trapezoidal method, condition (6.33) becomes quite complicated due to the
inverse term (I — ng)*l in Aq. First it must be guaranteed that this inverse exists
for all scheduling signals, meaning that

Det (1— A (p)) £0, VpeP, (6.42)
or equivalently
ino (I— 1A 4
min & (1~ $4(p)) >0 (6.43)

where ¢ (.) = min|o (+)|. Again, the eigenvalue properties yield that (©.43) is equiv-
alent with
min  min
peP Aeo(A(p))

—l‘>0,

which is guaranteed for every 0 < Tg < T4, where

o 2

Ty = . 6.44

4= 6P 2co(ilp) Re(1) 6.44)
Im(%)=0

Instead of N-stability, here T4 ensures the existence of the DT projection (existence
of Ag). It is shown later, that if the DT projection exists, then N-stability and N-
convergence hold. Note that, in case of Im(A) # 0 forall A € 6 (A(p)) andp € P,
meaning that every frozen representation of the original CT system has only com-
plex poles, condition (6.42) is guaranteed for arbitrary Tq, resulting in T4 = 0. Sim-
ilarly, uniform frozen stablhty of Mgs(S), meaning that every frozen representation
has poles with only negative or zero real part, gives Tq = oo. In [4], the condition
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Ty < max _ ,
p<F G (A (p))

was proposed to guarantee invertibility, which is a rather conservative upperbound
of (@44). In case 0 < Ty < T4 holds and Rss(S) has uniform frozen stability, then
(16.35) holds, as in this case

max & ((1+ T2dA (p)> <1— Tsz (p)) 1) <1. (6.46)

See [60] for the proof. Thus, for uniformly frozen stable LPV-SS representations
with static dependence, the trapezoidal method always guarantees N-stability and
N-convergence if T4 satisfies condition (6.44).

(6.45)

6.4.2.4 Stability Radius of the Adams-Bashforth Method

In case of the Adams-Bashforth method, the concept of N-stability means that for a
given Ty,

max 2 (Rpy...p,_ (§,Ta) < 1, (6.47)
PO;--+Pu—1EP
where )
A(R(E)) = max |A]|. (6.48)
AeC
R(1)=0

A necessary condition for (6.47) is that the resulting DT representation has uniform
frozen stability:
max 6 (Aq(p)) < 1. (6.49)
pelP
This means, that in the multi-step case, preservation of frozen stability is not
sufficient to imply N-stability. From (©.47) it follows that the N-stability radius
reads as
T4 = arg min max A (Rpy. p,, (E,Ta)) — 1], (6.50)
T4€RS | Pos-Pn-1EP ( POyoPn (s ))
which is a too complicated expression to be further analyzed. However in practice,
it can be solved in an approximative manner based on gridding and bisection based
search.

6.4.3 Guaranteeing a Desired Level of Discretization Error

In the previous part we have investigated the numerical properties of the introduced
discretion methods and derived criteria on T4 in order to guarantee the preservation
of frozen stability of the original CT system. However, the appropriate choice of
T4 to arrive at a specific performance in terms of the discretization error is also
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important from a practical point of view. By utilizing the LUT error expressions de-
veloped in Sect. [6.4.1l in this section upperbounds of T4 are derived that guarantee

gated, how such expressions can be used to achieve a level of global discretization
error.

As a first step, we formulate the concept of desired performance in terms of the
LUT error. For a given continuous-time full behavior Bgg, which is approximated
via a discretization method, define

€ 1= sup sup |&]l (6.51)
x€WBx kEZ

describes the maximum of the truncation error with respect to all possible state
trajectories of Bss. Also introduce

M := sup max ||x(¢)| = max||x||, (6.52)
xeBy 1€R xeX

as the maximum “amplitude” of the state signal for any u and p in Bgs. Denote
€max as the maximal acceptable relative local error of the discretization in terms of
percentage. Then a Tg € RY is searched for, that satisfies

max
Emax My,

. 6.53
— 100-Ty4 ( )

Here 1/Tq is introduced on the right side of (6.33)) as g is scaled by Ty (see (6.24)).
Next, we formulate upperbounds of Tq with respect to each method, such that (6.33))
is satisfied for the desired €nax percentage. To derive these criteria, must
be bounded, i.e. X must be confined in a ball of R"%. Such an assumption is not
unrealistic in case of global asymptotic stability of S and bounded P and U.

6.4.3.1 Performance Criterion for the Rectangular Method

Based on (6.26), it holds in the rectangular case that

& = sup sup H ( ) H . (6.54)
x€Bx 1€R 2 dr?
By using the sensitivity constant M) (see (6:28)), inequality (6.33) holds for any
0 < Tq < T4 where
A EmaxMMax
Tqg=14/2 . 6.55
‘ \/ 100- M) (6:33)

Criterion (6.33) gives an upperbound estimate of the required Ty, that achieves €n,x
percentage local discretization error of the state variable of the approximated repre-
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6.4.3.2 Performance Criteria of other Approximative Methods

Similar criteria can be developed for the other methods by using the LUT error ex-
pressions of Table[6.1]and the higher-order sensitivity constants M (") These upper-
bounds are presented in Table[6.1l Note that similar expressions can also be worked
out with respect to the approximation error of the output trajectories.

6.4.3.3 Guaranteeing Bounds on the Global Error

In practical situations, one may be concerned about the maximum relative global
error as a performance measure. Define

N« := sup sup [l (6.56)
x€WBx kEZ

as the maximum global error (see (6.23) for the definition of n;). Also define Nmax
as the maximal acceptable relative global error of the discretization in terms of per-
centage. Then one would like to choose Ty, such that the global error 1 satisfies

r’ < rlmaxM}I;nax

=100
Unfortunately, characterization of 7, for the introduced discretization methods
requires the introduction of serious restrictions of the considered CT behaviors.
However, in case of Tq < T4 i.e. N-stability, €nax can be often used as a good ap-
proximation of Mmax. Therefore, the performance bound T4 can be used to approxi-
mate/guarantee a global error bound as well.

(6.57)

6.4.4 Switching Effects

In the previous part, the effect of neglecting the switching phenomena of the ZOH
actuation has not been considered. Here we investigate the case when the signals
u and p described by (6.2a-b) are applied to Rss(S). First we show the effect of
these discontinuous signals on the state evolution of PRss(S) inside a sample interval
and the error that results by neglecting these terms. Then we motivate why this
phenomenon is negligible in practical situations.

Consider the ODE corresponding to (3.44a) in the k™ sample interval. By us-
ing the bilateral Laplace transform of this differential equation with reference time
to = kT4 and assuming that the dependence on p is commutative under additionﬁ, it
follows that for a fixed :

s s

+ |:(BQPd)(k)‘F(“*Sl)(Bopd)(kfl)} Md(k— 1) (658)

X (s) = xa(k) + |:(A<>Pd)<k>+<s_1>(A<>Pd>(k_1>j| X(s)+ (Bopd)(k)ud(k) +

3 Without this assumption, the formulation of the Laplace transform becomes complicated,
but the core problem that results in the general case is illustrated well by (6.58)).
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Table 6.2 Properties of the derived discretization methods in terms of: (a) consis-
tency/convergence; (b) preservation of stability/N-stability; (c) preservation of instability; (d)
existence; (e) complexity; (f) preservation of linear dependence; (g) computational load; (h)
system order.

Prop. Complete Rectangular n-polynomial Trapezoidal Adams-Bashforth
(a)  always 15t-order n-order 2nd_order 3"_order

(b)  always global frozen with Ty frozen with Ty always frozen frozen with Ty
(c) + - - + -

(d) always always always conditional always

(e)  exponential linear polynomial rational linear

® - + - - +

(g)  high low moderate high low

(h)  preserved preserved preserved preserved increased

where X (s) is the Laplace transform of the solution of the ODE (the behavior of the
state in the k™ sample interval). It is immediate that in the given sample interval,
(6.38) does not correspond to (6.84). (6.38) has a dynamic dependence, and it is not
realizable as a LPV-SS representation directly without associating q~'uq with a new
state-variable. In this way, it becomes clear that neglecting the switching effects in-
troduces discretization errors in the LPV case, which can be even more significant if
T4 is decreased (more discontinuous switches in the dynamics). On the other hand,
itis true that the discontinuous phenomenon which is described by (6.38) never hap-
pens in reality. One reason is that usually p is not actuated by ZOH and it changes
smoothly/relatively slowly with respect to the actual dynamics of the plant. Addi-
tionally, ZOH actuation has a transient in practice as the underlying physical device
needs to build up the new signal value, preventing sudden changes of the signals.
In conclusion, for the considered class of LPV representations, the introduced dis-
cretization methods of this section give no step-invariant discretization in the ZOH
setting (meaning equivalence even in case of switching effects), however they are
well applicable methods for practical use. It is important to note that derivation of
LPV discretization methods with step-invariant property is also possible, however
the resulting discretization approaches are technical and their actual performance
gain compared to the previously developed approaches is negligible in practice.

6.5 Properties of the Discretization Approaches

Beside stability and discretization error characteristics, there are other properties of
the derived discretization methods which could assist or hinder further use of the
resulting DT model. With the previously obtained results, these vital properties are
summarized in Table From this table it is apparent that the complete method
gives errorless conversion at the price of heavy nonlinear dependence of the DT
model on pg. As in LPV control synthesis low complexity of the p-dependence is
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assumed (like linear, polynomial, or rational functions, see [160]), both for mod-
eling and controller discretization purposes - beside the preservation of stability -
the preservation of linear dependence over the scheduling is preferred. This favors
approximative methods that give acceptable performance, but with less complexity
of the new coefficient dependence on the scheduling. Complicated coefficient func-
tions, like inversion or matrix exponential, also results in a serious increase of the
computation time, which gives a preference towards the linear methods like the rect-
angular or the Adams-Bashforth approach. In the latter case, the order increase of
the DT representation requires extra memory storage or more complicated controller
design depending on the intended use. If the quality of the DT model has priority,
then the trapezoidal and the polynomial methods are suggested due to their fast con-
vergence and large stability radius. In terms of identification, linear dependence of
the suggested model structures is also important as it simplifies parametrization.

6.6 Discretization and Dynamic Dependence

So far, the discretization of LPV-SS representations with static dependence has been
considered in a ZOH setting. It has been already discussed that using the ZOH set-
ting for the discretization of representations with dynamic dependence may result
in the loss of significant parts of the original behavior. These parts, which are as-
sociated with the dynamic nature of the coefficient dependencies, are lost because
in each sample interval the derivatives of p are assumed to be zero. In this way,
dynamic dependence of the original coefficients simplifies to a static dependence.

To show this phenomenon, consider the case when Ao p = rp ; p with r € R and
P = R. Then in the ZOH setting, the following holds in each sample interval:

o, ift # kTq, k € Z;
(Aop)(t) = {iw’ it KTy ke 70 (6.59)
If the switching effect is neglected, then A is approximated in DT as an identity
matrix by all of the introduced discretization methods. Thus, the original behavior
of the CT representation is lost due to the ZOH setting. However in practice, one
would try to use the approximation

d p((k+1)Tq) — p(KTa)

1)~ 6.60

4P T, ; (6.60)
foreacht € [kTq, (k+ 1)Tq). In fact, (6.60) means that p is assumed to be a linear
function in the sample interval. Then, using this assumption, a better DT approxi-
mation of the original CT representation can be derived. This shows that in case of
dynamic dependence, the ZOH assumption on p is not appropriate and instead of
that, a first or higher order hold discretization setting is necessary for p.

Based on the previous example, consider the case when (u,y) are assumed to

satisfy the ZOH setting, but p varies linearly in ¢ € [kTq, (k+ 1)Tq)):
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_ palk+1) = pa(k)
Tq

N~ ~ 4
Pik

p(t) (t —kTq) + pa(k). (6.61)

This assumption on the scheduling is called the first-order hold setting. Additionally,
define poy = (k+ 1) pa(k) —kpa(k+ 1). Note that, p(¢) = pixt + pox forz € [kTq, (k+
1)Tq)). Let Rss(S) be a continuous-time LPV-SS representation and consider it
in the above defined first-order hold setting. In case the matrices of PRgss(S) are
dependent on p and ; p, like Ao p = A(p, gt p) (dynamic dependence), then the
state-evolution in the k™ sampling interval satisfies:

d

dtx(t) = A(pikt + Por, P1x)x(t) + B(p1kt + Pok: Pix)ua (k). (6.62)

The solution of this ODE can be obtained in the time interval ¢ € [kTq, (k+ 1)Tq))
for particular meromorphic functions A and B. Similar to the complete method
of the ZOH setting in Sect. this analytic solution results in a complete type
of discretization of the continuous-time LPV-SS representation. The resulting DT
counterpart has also dynamic dependence on pq and its time-shifted versions, and
yields a better approximation of the CT representation than what would result in a
pure ZOH setting. This suggests that for the discretization of LPV representations
with dynamic dependence, the order of the hold setting with respect to p should
be greater or equal than the maximal order of derivatives in the coefficient depen-
dencies. With some trivial modifications, the approximative methods treated in this
paper, except the trapezoidal method, can be extended to this hybrid higher-order
hold case. Unfortunately, for the extended approaches, the deduced formulas for
the approximation error and the step-size bounds do not apply. Solving discretiza-
tion of LPV representations with dynamic dependence in a general sense and giving
compact formulas of discretization remains the objective of further research.

6.7 Numerical Example

In the following a simple example is presented to visualize/compare the properties of
the analyzed discretization methods and the performance of the sample-bound cri-
teria. Consider the following state-space representation of a continuous-time SISO
LPV system S with IO partition (u,y):

19.98p—20 202—182p 1+p

Res(S) = | 2P Bop || 45,50 0 14p
Cop Dop 14p
1+p I+p 10
where P = [—1,1]. The above representation has static linear dependence on the

scheduling signal p. Furthermore, for a constant scheduling p(¢) = p for all t € R,
MRss(S) is equivalent with an LTI representation that has poles
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Table 6.3 Discretization error of S, given in terms of the achieved average MSE of y4 and
Amax = 100 - 0, /MP** (relative worst-case 1) for 100 simulations. (*) indicates unstable
projection to the discrete domain.

MSEofyd
Tq Complete Rectangular  2"d-polynom. Trapezoidal Adams-Bash.
2-1072,(50Hz) 1.68-10710 () () 1.97 -1073 )
5-1073,(0.2kHz) 1.69 -10710 () 470 -107%  3.81-107° 2.14-107!

1074, (10kHz) 1.68 -107'9 227 .107® 1.05-1071 1.53-.10"% 1.60-10°8

ﬁmax of fd

Tq Complete Rectangular 2"d-polynom. Trapezoidal Adams-Bash.
2-1072,(50Hz)  0.053% () () 106.12% )
5.1073, (0.2kHz) 0.060% () 40.31% 8.02% 665.94%
104, (10kHz)  0.063% 2.62% 0.06% 0.19% 0.76%
6(A(p)) =9.99p— 10+ i\/104 —17990.2p + 8090.2p2. (6.63)

From (6.63), it is obvious that S is uniformly frozen stable on PP.

Assume that S is in a ZOH setting with sampling rate Tq = 0.02. By applying
the discretization methods of Sect. approximative discrete-time representations
of S have been calculated. In order to show the performance of the investigated
discretization methods, the output of the original and its discrete approximations
have been simulated on the [0, 1] time interval for zero initial conditions and for
100 different realizations of white ugq and pg with uniform distribution U(—1,1).
For fair comparison, the achieved MSE of the resulting output signals y4 has been
calculated with respect to the output y of Rss(S) and presented in Table Be-
side the MSE of the output evolution, the relative worst-case maximum global error
Amax = 100- 1./ M of the DT state-signals £4 associated with the discrete-time SS
representations has also been computed with respect to the state signal x of Rgs(S)
and presented in Table From these error measures it is immediate that, except
for the complete and the trapezoidal method, all approximations diverge. As ex-
pected, the error of the complete method is extremely small and the trapezoidal
method gives a moderate, but acceptable performance. Note that the response of the
original CT Mgs(S) has been calculated via a 5"-order Runge-Kutta numerical ap-
proximation (see [8]]) with step size 1078, This implies that the switching effect of
the ZOH actuation does not show up in the calculated response.

As a second step, we calculate sampling bounds T4 and T4 by choosing the
Euclidian norm as an error measure and &y,x = 1%, with the intention to achieve
Nmax = 1%. The calculated sampling bounds are presented in Table During
the calculation of T4 it has been assumed that X = [—0.1,0.1]?, which has been
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Table 6.4 Stability (T4) and performance (T4) bounds provided by the criterion functions of
Table[6.1] The results here are presented in terms of the Euclidian norm and &pax = 1%.

Rectangular 2"_polynom. Trapezoidal Adams-Bash.

Ty 2.1074,(5kHz) 5.60-1073, (0.2kHz) o 1.77-1073, (0.6kHz)
Ty 6.87-1073,(15kHz) 1.73-1073, (0.6kHz) 1.28-1073, (0.8kHz) 1.21-1073, (0.8kHz)

0.2 T T T T T T T T T

-0.21- b

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time [sec]

(a) Tq = 0.02, complete (grey), trapezoidal (light grey)
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-0.05 1
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03 031 032 033 034 035 036 037 038 039 04
time [sec]
(b) Tq = 0.005, complete (grey), trapezoidal (light grey)
0.2 —
ok
-0.2F ‘ ‘ ‘ ‘ ]
0.1 0.15 0.2 0.25 0.3 0.35 0.4

time [sec]

(¢) Tq = 0.005, 2™ order polynomial (grey), Adams-Bashforth (light grey)
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(d) Tg = 107%, complete (grey), trapezoidal (light grey)
0
-0.05 4
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(e) Tq = 107*, 2™ order polynomial (grey), Adams-Bashforth (light grey),
rectangular (dash-dotted grey)

Fig. 6.6 Output signal y of Rgs(S) (black) in a ZOH setting with Ty = 0.02 and its discrete-
time approximations with different sampling-times.



168 6 Discretization of LPV Systems

verified by several simulations of fRgs(S) based on ug, pg € U(—1,1). By these re-
sults, the rectangular method needs a fast sampling rate to achieve a stable projection
and even a faster sampling to obtain the required performance. The 2"-order poly-
nomial projection has significantly better bounds due to the 2"-order accuracy of
this method. For the trapezoidal case, the existence of the transformation is always
guaranteed because JRgs(S) is uniformly frozen stable. For comparison, the bound
(6.43) proposed in [4]], would have resulted in Tq = 0.2.

Now we use the derived bounds to choose a new T4 for the calculation of the
discrete projections. As the Tq bounds of Table represent the boundary of sta-
bility, therefore Tq < T is used as a new sampling-time in each case. Discretization
of MRgs(S) with Tg = 0.005, almost the stability bound of the polynomial method,
provides the simulation results given in the second row of Table[6.3] The rectangular
method again results in an unstable projection, while the Adams-Bashforth method
is on the brink of instability due to frozen instability of A4 for some p € P. The
polynomial method gives a stable, convergent approximation, in accordance with
its T4 bound. The trapezoidal method also improves significantly in performance.
The achieved fjmax of each approximative method is above the aimed 1% which is
in accordance with their T4.

As a next step, discretizations of Rgg (S) with Tg = 10~%, the half of the T4 bound
of the rectangular method, are calculated. The results are given in the third row of
Table[6.3] Finally, the rectangular method converges and also the approximation ca-
pabilities of the other methods improve. By looking at the achieved fjyax, all the
methods, except the rectangular, obtain the aimed 1% error performance which is
in accordance with their T4 bound, while in the rectangular case the achieved f)max
is larger than 1% as 10~ is larger than its T4 bound. An interesting phenomenon
is that the approximation error of the complete method is non-zero and it is slightly
increasing by lowering the sampling-time. This increasing approximation error is
due to numerical errors of the digital computation. However, the resulting approxi-
mation error is significantly less than the step size of the numerical approximation
used for the simulation of PRgs(S), thus it can be considered zero.

6.8 Conclusions

In this chapter, discretization of LPV state-space representations has been investi-
gated in a zero-order hold setting, where the continuous-time input and scheduling
trajectories are restricted to be piecewise constant. It has been shown that the ZOH
setting provides an adequate discretization concept for SS representations with static
dependence. Extending the approaches of the LTI discretization theory, both exact
and approximative methods have been developed in the ZOH setting for the dis-
cretization of LPV-SS representations. These approaches have been developed to
provide tools that assist DT model structure selection based on first-principle CT
models. Using the results of the numerical analysis field, the introduced methods
have been investigated in terms of numerical consistency, convergence, and stabil-
ity. Criteria have been developed for the choice of sampling-time that guarantees
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a user defined maximum of the truncation error and also the preservation of the
frozen stability characteristics of the original system. As a next step we will explore
how can we arrive at a CT-LPV form of general nonlinear systems, which through
the discretization approaches developed in this chapter can be used to assist model
structure selection.



Chapter 7
LPV Modeling of Physical Systems

Abstract. With the motivation to provide tools for model-structure selection in LPV
identification, in this section modeling of physical systems described by nonlinear
differential equations is studied in the LPV framework. It is investigated how such
a nonlinear system can be realized or approximated by a LPV system, giving mod-
els of the original behavior in terms of LPV representations. First an overview is
presented of the available LPV modeling methods. Then, an algorithmic approach
is introduced that ensures errorless conversion of nonlinear differential equations
into LPV kernel representations. The approach explores adequate choices of the
scheduling variable. Based on equivalent sate-space, input-output or orthonormal
basis functions based representation of the resulting kernel form, an adequate choice
of a model structure can be obtained for the LPV identification of the physical
system.

7.1 Towards Model Structure Selection

A crucial ingredient of any system identification procedure is the choice of model
structure, that describes the model set in which the optimal candidate is to be found.
If this structure is well-founded with respect to the system to be identified, then all
other ingredients, like experiment design, criterion selection, estimation, etc. can
contribute successfully to the validity of the end result. Commonly, a poor choice of
the model set directly results in a poor estimate of the system.

LPV models have considerably more freedom in parametrization than the class of
LTI models. This is due to the presence of functional and often dynamic dependence
of the model parameters on the scheduling. Thus LPV model-structure selection is
even a more sensitive question than in the LTI case. Furthermore, due to the lack
of a general LPV validation theory, mis-modeled dynamics only show up in the
performance loss of the designed controllers.

In LPV identification, initiatives has only recently appeared to assist model-
structure selection based on measured data [[73, 200]. Commonly, the sole source
of information available for this decision is in the form of first principle laws or

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 171
springerlink.com (© Springer-Verlag Berlin Heidelberg Z0TU
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expert’s knowledge. Such knowledge is mostly presented in terms of nonlinear dif-
ferential equations, which must be transformed to or approximated by an LPV rep-
resentation to facilitate model structure selection in this setting. In this chapter, the
concept of LPV modeling of nonlinear dynamical systems is investigated. The in-
tention is to give a practical way of using first principle laws and knowledge in the
decision process of LPV model structures, appropriate for the identification of the
underlying system. Such a process is inevitable for successful identification in the
general LPV framework, as it interprets key information about the order and type of
functional dynamical dependencies on the scheduling signal and even about which
signal(s) can be used for scheduling purposes.

7.2 General Questions of LPV Modeling

Before the first papers on LPV identification methods appeared, modeling of phys-
ical systems in a LPV form was dominated by the gain-scheduling principle (see
Chap. [I). Motivated by the early approaches of LPV control, the available nonlin-
ear (NL) description of the system was linearized in several operating/equilibrium
points resulting in a collection of local LTI descriptions of the plant. These “local ”
descriptions were interpolated to obtain a global approximation of the physical sys-
tem on the entire operation regime. However, unknown coefficients/relations of the
NL model still had to be estimated beforehand. This concept has resulted in many
linearization-based LPV modeling approaches trying to approximate the NL system
in a LPV state-space (SS) form.

For direct approximation of the NL system with an LPV model, LPV identifica-
tion methods has appeared soon (see Chap. [T). However, these approaches only aim
at the identification of an underlying “true LPV system” with completely known
structural information. It has been seemingly forgotten that the true aim has always
been the approximation of the NL physical system. Additionally, many of these ap-
proaches has followed the gain-scheduling principle by identifying local LTT models
and interpolating them.

Due to higher performance demands and the still existing gap between LPV iden-
tification methods and practical applications, a new generation of LPV modeling
approaches have appeared, formulating LPV modeling from a different perspective
than gain-scheduling. These approaches aim at the transformation of the original NL
representation into a particular LPV form by using substitution or other mathemat-
ical manipulations. However, the resulting methods are only able to handle certain
sub-classes of NL systems. So the natural question, what kind of systems can the
LPV framework describe accurately, has remained unanswered.

Till today, both the control and identification literature on LPV systems typically
takes the existence of the plant in a LPV form as a starting point. It is commonly
not pointed out how the underlying nonlinear system is transformed to this LPV
form. On the other hand, the available LPV modeling approaches are focusing only
on particular subclasses of LPV representations. The question whether a significant
loss of generality is introduced by the used assumptions usually remains uninvesti-
gated. This shows that LPV modeling of NL systems deserves much more attention
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and research in order to understand what can be represented by LPV systems and
how the best description for a given NL system can be found in the LPV system
class. This is why we give in this section an overview on the available approaches,
comparing and evaluating their modeling concepts.

To set the stage for the upcoming discussion we state the following questions that
are intrinsical for the analysis or development of an LPV description with respect to
a physical system:

e The scheduling variable, that governs the dynamics of LPV models, has a crucial
role in the validity or in the approximation quality of the LPV description. Thus,
in the process of formulating an LPV model, one of the most important ques-
tions is which variables of the original system can be selected as the scheduling
variable in order to obtain an equivalent LPV description.

e Another question is whether LPV modeling needs to be formulated in terms of
systems or in terms of particular representations. The latter concept is commonly
used to consider LPV modeling as an approximation of a given state-space equa-
tion, which is a subjective description of the NL system. On the other hand, the
former concept focuses on the approximation/description of the original behav-
ior. Thus formulating modeling on the level of systems provides more freedom
and focuses on the “natural aim” of a modeling problem.

These general considerations are the guidelines by which we explore in the fol-
lowing how a a reliable model-transformation approach can be formulated to sup-
port both identification and control design in the LPV framework.

7.3 Modeling of Nonlinear Systems in the LPV Framework

In the following, an overview is presented about the state-of-the-art methods of ap-
proximation/equivalent realization of NL systems by an LPV form. Our intention is
to give a general picture about the difficulties and the available solutions of this task.
To do so, first we define the class of NL systems we consider. These nonlinear sys-
tems characterize the first-principle laws of the behavior that we want to capture in
the LPV framework. Then we define a particular class of LPV systems, the so-called
quasi-LPV systems, that commonly result in the presented modeling approaches. As
a next step, we give a SS representation of the introduced NL systems. This repre-
sentation is often the starting point of the existing LPV modeling methods. We also
motivate that using such a representation as a starting point implies the assumption
of prior chosen state variables and IO partition, which might restrict the generality
of the resulting LPV description. After this, we systematically present the available
approaches, sorted into categories.

7.3.1 First Principle Models

As first principle laws are commonly (exclusively) available in continuous-time, we
restrict our attention in the sequel to this domain. We consider real, finite dimen-
sional, continuous-time NL systems in the following form:
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Definition 7.1 (Nonlinear dynamic systems). A dynamical system G = (R, W,B)
is called a nonlinear, continuous-time, dynamical system denoted as Gnp, if W =
R, 98 C WT and there exists a meromorphic (nonlinear) function f : RO+Drw
R™, such that

d da& d
loc
= R =0 hol kly ».
B {weﬁl (R, W) ‘f(w,dtw,dtzw, ’dt"w> 0 holds weal y}
O
Weak solutions of 5
d d da"
=0 7.1
f(w7 dtW, dtzW, 7dtnw> ) ( )

are defined in terms of distributions. Definition[Z1lis wide enough to encompass of
many physical systems and represent their dynamic behavior, however it does not
describe every system which is non-LTI. This class of systems is considered with
the main purpose to illustrate the problem of transformation of first-principle laws to
LPV representations. In the sequel we consider the problem of finding an equivalent
or a well approximating LPV system with respect to a given Gnr.. Without going
into details, for the considered class of NL systems we can also define the set of
free variables and 1O partitions, similarly as in the LTI case. During transformation
of these systems to an LPV form, such free signals are the prime candidates for
scheduling or input signals depending on their role in the NL relationship (Z.1)).

In the LPV framework, models commonly originate from nonlinear dynamic sys-
tem representations via the gain-scheduling approach. However, linearization of Gy,
at different operating points in W and then interpolating the resulting LTI models
by an operating point dependent function implies that the scheduling signal p of the
obtained LPV description is dependent on w. In this way, the fundamental assump-
tion of the LPV framework, namely the property of freedom for p does not hold in
this case. Therefore, these descriptions are often referred to as quasi-LPV systems
(see [102])). In the developed LPV framework, we define these systems as follows:

Definition 7.2 (Quasi-LPV system). A PV dynamical system S = (T,P,W,%B)
with signals w and scheduling variable p is called quasi-LPV, if it satisfies Def-
inition B3] without p being a free variable, i.e. B, is not a linear subspace
of WT. 0

Note that if some components of p are free signals, then the system is still consid-
ered to be quasi-LPV. During the dawn of the gain-scheduling era, LPV systems
have been defined with the concept of exogenous/external and thus free scheduling
signal (see [163]]), opening the possibility of the later development of popular and
theoretically well-founded optimal control solutions for such systems. However in
the practical application, this assumption has been commonly neglected, treating
LPV models with non-free scheduling signal as if their scheduling signal would be
a free variable of the system [[17]. Even if such an assumption introduces conser-
vatism into the model, and thus the control design applied to it, this masking of
the dynamical relation made reliable control of many heavily nonlinear processes
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possible. In the upcoming analysis, we also intend to follow this tradition, by seek-
ing out ways of transformation of NL systems into a quasi-LPV or a true LPV form.

The class of NL systems of Definition [Z]is often found to be too broad in the
literature. Commonly a subclass of state-space realizations is investigated with a
prior selection of the state variable x and the IO partition (u,y):

d

gt = Fw), (7.22)

y = glx,u), (7.2b)

where f and g are partially differentiable (smooth) functions and w = Col(u,y). In
general, not every (Z.I)) is realizable in the form of (Z.2ad-b) due to the loss of pos-
sible smoothness constraints [[146)]. Beside the realization problem, it is even more
important that with respect to obtaining an equivalent or a well approximating LPV
form of a given Gni, prior selection of a state variable may severely restrict the
search space, i.e. the transformation properties. Choosing a state variable or an IO
partition in a priori sense is also not motivated from the viewpoint of first principle
laws as in the laws of physics or chemistry there are no dedicated state variables,
nor predefined inputs or outputs. There are only system variables that are connected
by algebraic and differential equations. Therefore, it must be pointed out that any
latent-variable-based representation is just a particular and subjective description
of the system. As we will see later, such a state-variable based description is not
necessary to arrive at an equivalent LPV description of the considered NL system.
Additionally, an important concept for the linearization based methods is the equi-
librium point of (Z.2a)), which is defined as (x,u) € (X x U) satisfying:

0:f(x,u). (73)

Note that equilibrium points can be stable or unstable depending on the par-
tial derivatives of f in their neighborhood. Using the previously introduced con-
cepts and notions, the existing LPV modeling approaches fall into the following
categories:

7.3.2 Linearization Based Approximation Methods

The family of these methods applies linearization theory on a given SS representa-
tion (Z.2a-b) of the NL system to obtain local LTI models in a state-space form and
then interpolates these models to derive an LPV approximation. Thus, the schedul-
ing of the resulting LPV description is equal to those components of x and u that
the linearization is based on. If we introduce selector matrices Sy € R™*"™X and
Sy € R™m*"0 (see Sect.[d.3.3), which select these components, then we can write that
p = Col(Sxx, Syu) with np = ny + n,. The following subcategories of these methods
are distinguished:
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7.3.2.1 Linearization around a Set of Equilibrium Points

Application of classical linearization theory requires that each linearization corre-
sponds to an equilibrium of (Z.2d). Thus it is a common approach in the LPV model-
ing process to use first-order (Jacobian) linearization of (Z.2a-b) at a set of equilib-
rium points. This approach is followed in many works like [7,[77, (137,931 [102].
More details about first-order linearization and its delicacies, e.g. when it provides
appropriate results can be found in [146]]. Based on the linearization concept, an
LPV model of (Z.2a-b) is formulated as follows:

First, the equilibrium points p; = Col(x;,u;) € (X x U), i € I} of (Z2a) are com-
puted, then

_of _Jf o 0g _dg,
Ai= 5 (p), Bi= 5 (i), Ci= , (pi) Di= 5 (pi): (7.4)

are obtained. Around each equilibrium point p;, the state and output evolution are
approximated by applying a first-order Taylor expansion of f and g:

X %Ai(x—xi)+Bi(u—ui), (7.5a)
y = Ci(x—x;) + Di(u —u;) +g(pi)- (7.5b)

Then (Z.3a-b) can be seen as a local LTI model of the system. Define p = Col(x,u)
and P = X x U with a set of normalized interpolation (scheduling) functions g; : P —
[0, 1], like radial basis, triangular functions, etc. with ¥ gi(p) = 1 for all p € P and
gi(pi) = 1 for each i € IIf. Then, the PV model is formulated as

;xzz gi( ,x+29, )Biu— Y%(p), (7.6a)
i=1
¥= gi(p)Cix+ Zgi(p)D,-u— %(p), (7.6b)

i=1

Il
=

where X and y are the approximations of the original x and y and the remainder terms
are given as

(1) = 3 ailp) (Aiwi + B, (7.72)
= i 0i(p)(Cix; + Dju; — g(pi))- (7.7b)

It is obvious that for p(¢) = p;, (Z6d-b) is equivalent with (Z3d-b), i.e. for each
equilibrium point the global PV model is equal to the local LTI description. Note that
in some cases all the partial derivatives in (Z.4) are constants with respect to some
elements of x and u. This means that these partial derivatives have the same value
for all equilibrium points. This observation implies that the associated elements of x
and u can be left out from p, i.e. from the interpolation space to formulate (Z.6al-b).
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Additionally, it is an important observation that the PV differential equation
([Z6a-b) is not an LPV-SS representation as it contains the remainder terms ¥
and 7%,. These remainder terms can not be eliminated in general due to their time
dependent nature. In many cases, the remainder terms are either considered as an
additional input/disturbance in (Z.6a-b) or eliminated locally from (Z.3d-b) by sub-
tracting them from the signal variables (u,y,x), then the locally altered LTI models
are interpolated to obtain a global model. While the previous approach leads to a
conservative model, the latter method results in an alteration of the state-space as,
due to the local transformations, the local states do not have the same meaning any
more. This may lead to a complete misfit of the approximation. An exceptional case
is when n = 1, so the system is linearized in only one point. In such case no interpo-
lation is needed, i.e. g; = 1. Then by redefining the state as ¥ = x — x, the input as
il = u —uy, and the output as ¥y = y — g(p1) an LTI-SS approximation of Gy results
via (Z.6a-b). Proper elimination of the remainder terms is only available in this case.

In the general sense, linearization in the equilibrium points is a serious restriction
that may lead to poor transient performance and inability to preserve stability char-
acteristics of (Z2a-b). Therefore, an adequate approximation capability requires
the assumption of slowly varying scheduling. However, such an assumption is often
unrealistic as x and u are not slowly varying signals. To improve the approxima-
tion capabilities of this approach many alternative linearization methods have been
considered like higher order series-expansion based linearization [14] or the refor-
mulation of the mean value theorem [31]].

Furthermore, interpolation has its own pitfalls as well. If the local LTI models
resulting from the linearization are transformed to a canonical form to accomplish
interpolation, then the effect of local transformations can completely alter the be-
havior (see [130] for an example). In this way, the resulting LPV representation
may not be able to reproduce the dynamical aspects of the original NL form (see
Example[Z1land [189]]). Similar errors result if the interpolation is applied through
the transfer functions of the local LTI models to get a mixed scheduling and fre-
quency dependent description and then applying LTI realization theory to obtain the
LPV form (see for an example). In [142]], the interpolation problem of the
local models is formulated in an optimization sense to reduce the complexity of the
resulting dependence of the SS matrices on p. As the procedure avoids any local
manipulations of the SS matrices, it provides a reliable way for efficient generation

of (Z6a-b).

Example 7.1 (Pitfalls of Interpolation). In this example, one of the merits of local
transformations is illustrated. Assume that the linearization of the NL system has
resulted in two local LTI-SS representations

Boremo [ o rer

with P = [0, 1]. If S; represents an LPV approximation of the considered NL system,
then a Rgs(S1) can be formulated as
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[Aop B<>p:|

- gi(p)O(,' 0.5
Cop Dop ’ (7:8)

_,-:21 {gi(P)ﬁi 0

where g1 (p) = 1 — p and go(p) = p are the linear interpolation functions. The two
local models can also be interpolated based on their IO representation. By using the
same interpolation functions, the resulting Rio(Sz) is

d

g0~ (@op)y=(boop)u, (7.9)
with ag = Y2, g;0; and by = Y7, g;B;. However, the IO representation of Rss (S;)
reads as:

d b
i’ (<a0+bz><>p>y=(bo<>p)u, (7.10)

where byo p = (B> — B1) (‘iitp. One can conclude that Rgs(S1) and Rio(Sy) are the
representations of two different LPV systems S; and S unless §; = f3,. This phe-
nomenon clearly emphasizes that interpolation must be carried out in the represen-
tation where the linearization was performed, otherwise unexpected alteration of the
behavior can occur. ]

7.3.2.2 Multiple Linearizations around a Single Equilibrium Point

This approach originates from the Fuzzy control framework, where it is used to
obtain linear Takagi-Sugeno (TS) dynamic fuzzy models, which under certain re-
strictions can be viewed as quasi-LPV systems [86]. The basic idea is to linearize
the NL-SS representation at multiple points of X x U around a single equilibrium
point. Then the resulting local models are interpolated in a similar fashion as in the
previous part. The method leads to a LPV model that performs well during tran-
sient operation, because the framework allows some of the local LTI models to be
associated with transient operating regimes. If the system stays close to the used
equilibrium point, no restrictions concerning slowly varying trajectories is needed.
However, a principal disadvantage is that this approach is not suited for NL models
with multiple equilibria.

7.3.2.3 Linearization along a Nominal Trajectory

This approach was introduced in the early 1990s when LPV controllers were typi-
cal scheduled in a open-loop sense based on a chosen reference trajectory (intended
operation trajectory of the plant) or fixed auxiliary input variables (typical operation
trajectories). These user-defined signals were used to describe a nominal trajectory
of system operation. Linearizing the NL. model along this nominal signal trajec-
tory gives an LPV model (see for examples of this approach). It is an
advantage of this approach that the resulting LPV description can cover transient
operation of the plant along the used nominal trajectory, however such a description
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also suffers from the drawback that the performance may be poor when the system is
operating far away from it. As the time-variation of the system is considered along a
pre-chosen trajectory of p, the resulting models resemble a LTV system rather than
a LPV system.

7.3.2.4 Off-Equilibrium Linearization around a Set of Operating Points

Linearization of the NL system at points in the state space that may not be equilibria
has been considered in numerous approaches (see [[76, [121] [122]) The benefit
of this concept is that the transient (off-equilibrium) dynamics of the LPV approx-
imation may be significantly improved. The LPV model is obtained by selecting a
set of linearization points p; = Col(x;,u;) with (x;,u;) € X x U, i € I} and using
Jacobian linearization of the nonlinear functions f and g around these points in the
sense of (Z3a-b). The only difference is that in (Z.3d) an extra term f(p;) appears if
pi is not an equilibrium point. Then the local models are interpolated as described by
([Z.6a-b) and the remainder terms are considered as disturbances, extra input chan-
nels or they are locally eliminated to form a global LPV model. This approach has
the same features as the equilibrium-points-based linearization with all the pitfalls
of interpolation and local state transformations. An additional problem rises how-
ever from the selection of linearization points {p;}} ;. Equidistant selection on the
space X x U may seem tempting, but it might happen that due to the dynamical
changes of Gnr, a non-equidistant selection with dense samples in specific regions
of X x U can lead to far better approximations (see for details).

7.3.3 Multiple Model Design Procedures

Multiple model design techniques investigate the LPV approximation of the NL
system given by the state-space representation

d

dtx:A(x,u)x—i—B(x,u)u, (7.11a)

y=C(x,u)x+ D(x,u)u. (7.11b)

The LPV modeling of (Z11a-b) is accomplished by selecting a set of interpola-
tion functions {g;}” ,. Then the model approximation problem becomes a search
for a set of constant matrices {(A;, B;,C;,D;)}"_, such that the nonlinear functions
(A,B,C,D) are approximated optimally by the weighted sum of the constant matri-

ces, like
n

A(x,u) = Y gi(p)Ai, where p = Col(x,u). (7.12)

i=1
However, these kind of techniques are most often considered to be model reduction
tools rather than LPV model transformation methods as with the scheduling signal
p = Col(x,u) the SS equations (ZI1a-b) already define a quasi-LPV model. No-
table approaches that fall into this category are the orthogonal decomposition based



180 7 LPV Modeling of Physical Systems

methods like [29] [236]], the convex polytope methods like [86]], and the
radial basis functions based optimization techniques of [85} 213].

A unique exception among these methods is [141]], where it is only assumed that
some samples { (A j,é j,@j,D J-)};f;l of (A, B,C,D) are available for certain schedul-
ing points {p j}?; 1 of X' x U. Then, such an LPV model with affine or polynomial
dependence is searched whose frozen transfer functions at each p; have the min-
imal error in the H, sense with respect to the transfer functions associated with
{(A;,B;, CA'j,lA)j)}?szl . In this way the resulting procedure can even be used to accom-
plish the interpolation step of various LPV local identification approaches avoiding
the local alteration of the state basis common in many SS methods (see Sec.[[.3.4.3).

7.3.4 Substitution Based Transformation Methods

Methods of this category use substitution techniques on an available SS represen-
tation of the NL system to generate a quasi-LPV model without the need of ap-
proximation. The PV coefficients appear as substituted functions of (x,u) and the
resulting scheduling is p = Col(Sxx, Syu), where Sx and S, are the selector matri-
ces of the components of (x,u) used for the substitution. The subcategories of these
approaches are the following:

7.3.4.1 The “State-Transformation’ Method

The “state-transformation” method was first introduced in [167] followed by many
successful applications in aerospace engineering (see [138, [137]). A class of
nonlinear systems that qualifies for this method is described by the following SS
equation:

alal- [l [t ]3] oo

where A1y, ...,A2 with By, B, are (nonlinear) matrix functions. Additionally, fi, f»
represent matrix function terms which cannot be written as f;(x;) = fi(x;)x; with
fi bounded in the origin. Assume that there exist differentiable functions 9% and %,
such that:

][R0 [anten ][ )+ [k w00

holds for all x; € L£°°(R,R™), which are the solutions of (ZI3), i.e. for which
there exist signals (xa,u) € £1°°(R,R™ x U) such that (ZI3) is satisfied. Subtracting
([Z.14) from (Z.13) with some rearrangement of the signals yields:

d[x 0 A (xr) X By (x1)
- ) ‘o
dr )22 0 A22(X1) - 8§§T1)A12()€1) )22 Bz(xl) — agﬁTI)Bl(xl) ’




7.3 Modeling of Nonlinear Systems in the LPV Framework 181

where X, = xy — %(x1) and & = u — %,(x;). In this way the state-transformation
method has transformed the state-equation (Z13) into the quasi-LPV form
with scheduling signal p = x;. Note that there are no approximations involved in this
procedure, but it is only applicable to a limited class of NL-SS representations and
often the resulting LPV representation is non-minimal. Furthermore, no constructive
procedure to find % and ¥, is available.

7.3.4.2 Substitution by Virtual Scheduling

Based on specific mathematical manipulations, some nonlinear equations in the
form of (Z2a-b) can be rewritten as (ZI1a-b). Then, assigning virtual schedul-
ing signals for each nonlinear function element of the resulting matrix functions
(A,B,C,D), a quasi-LPV SS representation of the system results with static linear
dependence. Due to the several possibilities of assignment, the result of the transfor-
mation is non-unique. Commonly, the methods that fall into this category can only
be applied for specific NL systems without any generality. In most cases, the num-
ber of associated scheduling signals increases rapidly with the system order and it
remains to the skill and insight of the modeler to find an economical representation.
Despite its ad-hoc nature, this method is preferred for mildly-nonlinear systems as
it involves no approximation of the system dynamics, delivering efficient modeling
solutions in many applications (see [53] for examples). At the same time,
many pitfalls are present for unexperienced users. To illustrate this, consider

d 2
=x"—1, 7.16
at = (7.16)
and represent this differential equation in a LPV form
d 1
Xx=px, where p=x— . (7.17)
dr X

Seemingly, the two differential equations are equivalent. However, the resulting be-
haviors are different for x(¢#) = 0. Thus using the LPV model (Z17), to design a
stabilizing LPV controller for the original NL system is dangerous as it is unpre-
dictable how the closed loop system will behave when x approaches 0.

7.3.4.3 Velocity-Based Scheduling Technique

The velocity-based method of [100} [T01]] associates a linear system with every op-
erating point of a NL system, rather than just the equilibrium points or pre-specified
reference points. This is called local linear equivalence in [99]]. Assume that a rep-
resentation of the NL system is given in the form

= Axt But fy(u), (7.18)
y = Cx+Du+g(y(x,u)), (7.18b)
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where (A,B,C,D) are constant matrices, fiR" - R™, g:R" — R" are partially
differentiable nonlinear functions, and the function ¥ is given by

y(x,u) = Exx+ Equ, (7.19)

where Ex € R"% and E, € R"". This reformulation of (Z.2a-b) can always be
achieved. Introduce p = Col(x,u) as the scheduling signal. Differentiating equations
([Z184-b) gives the following alternative reformulation:

2 _ (4 0J . £ d B J . . d 0
drzx—< + 5 F) ) dtx+( + 5 Fo) ) UCE

d J . d 0 . d
o= (Ct 5 g ) g (D 5 ) ) e 200

By restricting the behavior of (Z2a-b) to signals that are differentiable, the set of
solutions satisfying (Z.20a-b) is equivalent with the solution set of (Z.2al-b) for ap-
propriate initial conditions. Substitution by ¥ = ix, = gtu, and y = gf y delivers
a quasi-LPV form of (Z20a-b), suggesting the conclusion that every nonlinear sys-
tem (Z.18d-b) can be reformulated in this way as a quasi-LPV SS representation.
However, by masking differentiation of the system signals into new variables, the
behavior of the resulting quasi-LPV system is different. Additionally, if instead of
gtu and gf v, only the measurements of # and y are available in the physical system,
then in the practical use of the suggested LPV description the amplification of noise
is inevitable by the differentiation of # and y. Such a phenomenon can have seri-
ous impact on identification or control of the underlying system. Moreover, there
is often little hope of controlling the original NL system only via its differentiated
description.

7.3.4.4 Function Substitution

Another way of quasi-LPV model generation leads through the idea of approximat-
ing the nonlinear functions f and g in (Z2a-b) by a linear combination of scheduling
dependent functions multiplied by x and u. Consider the NL system described by the
state-equation

;x:A(xl)x+B(x1)u+f(x1), (7.21)

where x = Col(x;,x;). To perform the substitution method, choose an equilibrium
point (x1,%,u) and transform the variables as ¥; =x; —x1, ¥, =xp — %, i = u—u.
Using these new variables, (Z21)) can be rewritten as

dr [ %2

d Pl} =Al) Bﬂ + B ut f(x), (7.22)

where
o) =) | 1|+ Blanyu+ ), (7.23)
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The next step is to reformulate f as
Ja) =T (p)i, (7.24)

where I" is an unknown matrix function and p = x;. Now, the goal of the modeling
approach is to determine I" such that the approximation (Z.24) is adequate for every
trajectory of x. It is obvious that solutions of (Z.24) are not unique since this is an
under-determined problem. In many applications of this idea like
[I12], I' is calculated based on a linear parametrization with prior chosen functions
of p, to minimize the approximation error of on the entire operating envelope
Xj. The solution of this minimization problem is obtained by linear programming.
Then, the final quasi-LPV approximation of (Z.2) is given as

d

dtx: (A(p)+ [T(p) 0])%+B(p)i (7.25)

with p = x;. The behavior of can approximate the behavior of the original
NL representation if (Z.24) is satisfied adequately. A disadvantage of this method
is the strong dependence on the equilibrium point (with different reference points
different representations can be obtained) and that the model may not capture the
local stability of the original NL model at other equilibrium points. In [169], an
improved version of the method has been developed to preserve local stability over
the entire operation envelope. In this modified approach, the search for I" is formu-
lated as a bilinear-matrix-inequality based optimization problem including stability
constraints.

7.3.5 Automated Model Transformation

Automated model transformation is based on the exploration of all possible ways
of reformulating the NL system as a quasi-LPV model with the smallest possible
conservatism. Such a technique can also be seen as a substitution method. Recently
the approach, introduced in [90], has appeared in this context, formulating the con-
version concept in terms of an algorithm.

The proposed procedure starts with the description (Z.2a) and by relying on sym-
bolic manipulations it assumes the separation of f to irreducible additive terms, i.e.
the i row of f is decomposed as:

[f(x,u)]i = _nZilfi/(x,u). (7.26)

J

Then, each summand f;; is written in a rational form and the numerator is factorized
as the product of powers of state and input elements and a remainder term that
is a non-factorizable function of x and u. Summands are assigned to state-space
matrices A and B based on which elements of x or u appear in the product part of
their factorized form. For example, if x; is a factor of f;;, then it is assigned to the kth
state as a coefficient oz ji (x,u) = f;j(x,u) /x; in the i row and k™ column of A. As in
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the factorized form of the summands multiple elements of x and u can be presented
in the product terms, thus such an assignment is non-unique. If the summand is
non-factorizable, then it is divided by x; or u; to be able to write it for example
as fij(x,u) = ﬁji;’u)xk, and assign the resulting term to A or B. Then, each of the
assigned coefficient functions, i.e. {e;x} and {f;}, are associated with a virtual
scheduling signal p;. Finally, the SS matrices are formed as the linear combination
of these virtual scheduling signals.

By using all assignment possibilities, a set of LPV-SS representations is gener-
ated, each corresponding to (Z.2a). These representations are tested for complexity
and the most adequate LPV description is selected by the user. The exact way of
this test and the selection of the most suitable assignment is not formulated in the
approach. Thus, these tests remain to the intuition of the user. The same procedure
can be executed for the output equation (Z.2b) as well. The whole approach depends
on how well the simplification of the nonlinear terms can be achieved. As simpli-
fication of symbolic terms is not unique in general, the complexity of the resulting
model can vary with different symbolic solvers (see for an overview of the re-
quired symbolic manipulation techniques). A more serious problem, which has been
already mentioned in the linearization part, arises when non-factorizable terms are
divided by signal components. Such operations can result in the alteration of the
behavior around the origin. It can also happen that no element of u can be lifted out
from any summands and thus the generation procedure results in an autonomous
quasi-LPV description.

Another technique that falls into this category develops an automated transfor-
mation of a nonlinear model to an linear fractional representation (LFR) by using
symbolic manipulation techniques (see 2110). A disadvantage of this method,
implemented in the LFR toolbox of MATLAB, is that it assumes the nonlinear model
to be in the form (ZI1a-b) with also a set of algebraic constraints. In this way it
avoids the crucial part of the modeling, namely the generation of the quasi-LPV
form {ZI1a-b). This technique shows resemblance with other multiple modeling
methods and implements a particular way of model reduction with respect to LFRs.

Using the tools offered by the LFR toolbox, the previous approach has been re-
cently improved in [46] and [37] by establishing a transformation method between
quasi-LPV forms and nonlinear models formulated in the MODELICA environment
as first order differential algebraic equations (DAEs) with uncertain parameters. The
transformation is based on triangulization of the DAEs and solving them recursively
to obtain a set of system equations. Then uncertain parameters and remaining non-
linear terms are extracted to the A block to form the scheduling dependency of the
resulting description. The latter implies that the original latent variables of the DAEs
are forced to be the state variables of the resulting LFR and that there is no control
over what is chosen to be the scheduling variable. Despite these problems and some
restrictions in the allowed nonlinear relationships between the signals themselves
and the uncertain parameters, this approach offers an attractive way of automated
model conversion.



7.4 Translation of First Principle Models to LPV Systems 185

7.3.6 Summary of Existing Techniques

In conclusion, the existing techniques for transformation of NL systems to a quasi-
LPV form are either based on linearization-based approximation or substitution
techniques. Linearization techniques are commonly easily applicable for this pur-
pose, but they suffer from serious disadvantages in terms of non-eliminatable affine
reminder terms, pitfalls of interpolation, selection of adequate linearization points,
and the loss of general representation of the nonlinear dynamics. On the other hand,
substitution techniques are based on mathematical manipulations that are only appli-
cable for some class of NL systems. Commonly they preserve the original dynamic
behavior, however for the general class of NL systems they may result in loss of
validity or even stability (e.g. division by signal elements).

A common feature of all approaches is that they use a SS representation of the
system as a starting point, thus they try to achieve good approximation with respect
to a prior chosen state variable. As a consequence the scheduling variable of the
resulting LPV description is composed from the priori chosen state and input vari-
ables. This restriction can severely reduce the search-space where an adequate LPV
representation of the original NL behavior can be found as rewriting (Z.2a-b) to
another state-basis may result in a simplified/better transformation to a LPV form.

All of the approaches do not pay attention how the scheduling variable is chosen
and what kind of effects a particular choice of p has on the obtained LPV behavior.
Seemingly it does not matter that components of x which are inner variables or
components of # which are free variables are used for p.

As a general conclusion, existing transformation possibilities to a LPV form are
conservative, non-unique, and the validity of the resulting model is based on the skill
of the user. On the other hand, to support LPV identification and control of physical
systems, the LPV modeling phase must be accomplished carefully, exploring the
best possibility of transformation of the first principle laws into an LPV form, with-
out ad hoc selection of state signals and scheduling variables. Based on this conclu-
sion, in the next section the possibilities to accomplish this task are investigated and
a model transformation procedure is proposed, that can tackle this problem using
the powerful theoretical framework of the developed LPV behavioral approach.

7.4 Translation of First Principle Models to LPV Systems

As a next step, a transformation method is investigated that converts first principle
laws represented by (Z1) into a LPV kernel (KR) representation. The procedure
gives the freedom to consider all possibilities of transformation, not restricted by
preselected state or IO partition or particular formulation of the nonlinear dynam-
ical relationship like a SS representation. In fact, the method explores all possible
transformations that are applicable for general NL dynamical systems, to convert the
specific NL behavior into an LPV behavior. Then the obtained LPV-KR representa-
tions are categorized by complexity and transformed to an LPV-SS or IO realization
based on the equivalence transformation theory of Chap.[3l To assist LPV model
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structure selection, the discretization theory developed in Chap.[6]is applied to ob-
tain DT descriptions of the original behavior.

The developed transformation mechanism is based on similar concepts like the
approach of [90], however the proposed method is constructed in a more structured
way, where the validity of the transformation is guaranteed in the applied formulas.
In the following, a brief outline of the procedure is presented to give insight into
the theoretical concept instead of technicalities. First we define the exact problem
setting we consider.

7.4.1 Problem Statement

Consider a NL dynamical system Gny, = (R, W, %8) with signal space W = R"W and
behavior B C WT, where 9B is represented by (Z.I)). Assume that f is a meromor-
phic function: f € R™* ! Then as a short hand notation, introduce
d 42 da" >

7.27
W? dtw’ dt2W7 ,dtnw ( )

f<>w=f<

as the evaluation of f along the signal trajectory w € ‘B. In this way, we associate
variables of f with specific signal elements of w and their derivatives, similar to
the mechanism of Chap.[3l Furthermore, assume that each element of the variable
w is of prime interest to the user (they are non-latent variables) and the functional
relation described by f can not be simplified without changing the behavior 8. The
latter assumption means that (Z.I) is minimal in the sense that no equation can be
eliminated from (Z.) by simple row operations like addition or multiplication by
functional terms, similar to left-side unimodular transformations in the LPV case.
Additionally, if for any i € I|" there exists a f € R™*!, a partition w = Col(wy,w,)
with Dim(w;y) = n, and a invertible holomorphic function g : R*W — R such that

fow= foCol(wy,g(w)), (7.28)

for all w € B and f is a less complicated function than f, then redefine w, as g(w)
to achieve simplification of f. This operation is similar to right-side unimodular
transformations in the LPV case. By applying such a simplification, the resulting
behavior is isomorphic with 5. Now we define our idealistic transformation prob-
lem as follows:

Problem 7.1 (Translation of dynamic NL systems to LPV systems). For a given
NL dynamical system Gnp. = (R, R"W 9B) with signal variable w, find an LPV sys-
tem &’ = (R,P', W’ B’) with signal variable w’ and scheduling variable p’ such that
there exist selector matrices Sp, Sy € R™*"W satisfying w' = Sy,w and p’ = S,w and
it holds that

weBNCT(R,W) < W,p)eB NC(R,W xP). 0

Based on this problem setting, we are looking for such an LPV system that has
a behavior equal to the behavior of the original NL system. We will see that in
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most cases the if and only if condition of Problem [7.1] has to be relaxed such that
weBNC(R,W) = (w,p) e B NC(R,W x ).

7.4.2 The Transformation Algorithm

In the following, an algorithm is applied on the simplified differential equation to
explore all possibilities of its transformation to an LPV form and in this way to
solve Problem [Z.Jl We follow a similar strategy as the algorithm of [O0] but in
a different setting. First we separate the rows of f in (Z.I) into summands. Then
we factorize the nominator of these summands in a specific way to lift out signal
variables in a product form. Next we collect all factorization possibilities and their
associated coefficients in terms of factors into a decision tree. By selecting a route
in the resulting tree we assign elements of w to signals or scheduling variables and
use their associated coefficients to form a LPV-KR representation. In the process
we assume that all summands are factorizable. This assumption is relaxed later. The
proposed algorithm reads as follows:

Algorithm 7.1 (Translation to LPV-KR representations)

Step 1. Write f in () as a summation of additive functional terms (summands)
for each row separately. The i row is written as

[fow];,= Xﬁjow, (7.29)
j=1

where each f;; € R is not separable to further summands. This assumes
that ideal symbolic recognition of additive terms is available. The results
of this operation are unique up to multiplication by a constant. Store the
summands in a graph structure, as shown in Fig. [Z1] where each node
represents a specific summand or a row of f.

Step 2. Each summand is written in the form of

fi=", (7.30)

where §;;, ij : R *+Dmw _ R are coprime holomorphic functions with

n denoting the highest derivative order in (Z27). Such a formulation is
again unique up to multiplication by a constant.

Step 3. Foreachielf, jel}, ke l[", andl € I}, it is investigated if the sum-
mand f;; is factorizable to the form

Gijik d
fijow= ( gj_‘ <>w> s (7.31)
ij
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where gy : R — R is holomorphic. Contrary to the algorithm de-
scribed in [90], factorization in this case only involves first-order product
terms, as any higher order relation is not interesting for the further proce-
dure. Denote .
Fia =S, (7.32)
8ij
Note that f; ik € R. Assume for the moment that each f;; can be factor-
ized by at least one (i’, wg. The results of the factorization are stored in the
graph structure of Fig. [Z1] In this graph each node representing a sum-
mand f;; gets a leaf for each i:, wy it can be factorized with. The edges,
that connect the leafs to their associated summand, receive a label, which
is the set of the specific variables {wy,...,w,} that are involved in the
remaining f; ki expression. All other edges of the graph get a label of an
empty set. Note that leafs with an edge having an empty set label are the
linear terms of the nonlinear equation. The resulting graph describes a
decision tree.
As a next step, possible LPV-KR representations are generated based on
the previously developed decision tree. All possible routes in this graph
are considered, which involve all nodes and a single leaf for each node
if it has one. Routes are only considered to be different if they consist
of different leafs. This yields all realization possibilities of (Z.I) as a
PV differential equation in the following way. For a specific route (see
Fig. [Z1)), compute the union of the sets of variables associated with la-
bels along the edges of the route. This gives a subset of all variables
{W1,...,Wny, }. These variables are recognized as scheduling signals and
denoted as {p1,..., pny } Where np < nyy. Define p=[p1 ... p,,]asthe
scheduling variable for the specific route. Additionally, let P be the pro-
jected subspace of W with respect to p. Consider all leaves in the route.
Define index sets Zj;, containing all indexes j € I} for which the node,
associated with the summand f;;, has a leaf of (?[l, wy, in the considered
route. For each leaf in the route, collect the remainder terms { f; jik} of the
factorization into meromorphic coefficient functions r; € R">"W, [ € I
where
M=, fijm, V(ik) €Ifr xI}7. (7.33)
J€Li
With the resulting coefficients {r;}?_, the NL differential equation (Z.I)
is formulated as an LPV-KR representation:
d z d
(R(, yop)w= Y (riop) .w=0, (7.34)
t b dr!

where R € R[E]"*"W. Now define w as the vector containing the subset
of the variables {wr,..., Wy }, such that for each variable w; in W, there is
a a leaf in the route where the label of the leaf contains w; or its derivative.
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Step 5.

Step 6.

Those signals that do not satisfy this property are simply presented with
0 weights in (Z34), thus they do not participate in the signal relation as
variables. To eliminate such superfluous terms, (Z.34) is rewritten in terms
of w by deleting from R the zero columns associated with the additional
variables. Furthermore the signal space associated with w is defined as the
projected subspace of W with respect to the variables presented in .

As a result of the previous step, numerous PV differential equation forms
of (1) are formulated based on all possible routes in the graph struc-
ture. However, it is not guaranteed that all of them preserve the dynami-
cal aspects of the original nonlinear behavior ‘8. To ensure validity of the
transformation, the freedom of the remaining signal variables w for each
PV description has to be checked. If for every IO partition w = (i1, ) of
the resulting LPV-KR representation Rk (S), there exists an IO partition
w = (u,y) for the original NL system such that ¥ = y and the elements
of ii are a subset of u and the maximal order of derivatives of y in each
row of Rk (S) are the same as in f, then the LPV representation can be
considered as a valid transform of the original system. Otherwise alter-
ation of the dynamical behavior occurred during the process by masking
essential dynamics into coefficients. If it is also true for every IO parti-
tion of Rk (S), that u = Col(p, ii), meaning that all elements of p are free
variables of the original system and they are independent from i, then the
model corresponds to a true LPV system &, not just a quasi-LPV, and it
is a prime candidate for representing the original system behavior.

The resulting LPV representations can be ranked based on the corre-
sponding routes in the graph. Representations which involve the smallest
cost in terms of the number of variables associated with scheduling sig-
nals give the simplest models of the NL system. From these candidates,
representations with free scheduling signals have priority. Further distinc-
tion can be the maximal order of derivatives of the leafs. Based on these,
the resulting valid representations can be ordered in terms of complexity,
to assist selection by the user.

For each LPV-KR representation, that has been found to be a valid representation of
GONL, the PV behavior can be considered to be equal with the original NL behavior
8. Then the most attractive representation can be selected by the user based on the
complexity ordering derived in Step 6. In this way, a solution for our transformation
problem, i.e. for Problem [7.1]is obtained. Next, the behavioral approach is applied
on the chosen representation to obtain a full row rank KR representation together
with an SS or IO realization of the resulting LPV system. With the introduced dis-
cretization theory, this methodology serves as a model selection tool for DT-LPV
identification routines.

Example 7.2 (Transformation of an NL model to LPV). Consider the nonlinear sys-
tem Gnp, = (R,R*,B) with w = [w; wy w3 wy]' in the form:



190

f(w, d

where fow is equal to

" dr2 W>

d2
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:0,

iz fa fis fie
Ji ~ -~ ~ 13 A~ -~ ~ -~ 7~ =~
- ’;( 3+.2( )d LAy ad d d?
[0 ) sin
w1 w3 w3 dth W3Ww4 dtW2 dtW2 dtW3 w3 dl2 w1
W3dtW1+ wo
~
P 2

Note that for this nonlinear system the only available IO partition is y = [wy wy]T
and u = [ws wy]'. This is easy to show by rewriting the second row as wp =
—w3 gwl, and substituting it into the first row of f. Then a differential equation
results where only the derivatives of w| appear. Thus w; is an obvious output of
the system and therefore w; is also an output as its trajectory is described by the
used substitution rule. The remaining variables w3 and wy are free in the resulting
description and thus they are the obvious inputs of the system. However, the second
equation written as wy = —w,/ 51:2 w1, cannot be used for substitution as it would ex-

clude trajectories of w; with Stwl = 0. Hence w3 cannot be the output of the system
instead of wy.

Additionally, the nonlinear equations of the above given representation have al-
ready been separated to minimal summand terms and it can be shown that no fur-
ther symbolic simplification of the equations is possible. A further property is that
all summand terms are factorizable. By applying the decision tree generation proce-
dure described in the previous part, the resulting tree is presented in Fig.[Z1l This
completes Step 1 to Step 3 of the proposed algorithm.

In terms of Step 4, now we generate all possible routes that contain all nodes and
one leaf for each node. There are 2> = 32 possibilities. One of these routes is given
by bold lines in Fig. [Z.1l By using this specific route, a LPV-KR representation is
generated in terms of Step 4. The resulting scheduling variable is the collection of
variables in the labels along the route: p = w3 and the new signal variable is the
collection of variables of the leafs along the route: w = [w; wy W4]T. Then by
these choices, the LPV-KR representation has the following form

s

P i

Note that the 10 partition of the obtained LPV-KR representation is y = [wy wy] '
and u = wy, and the maximal orders of the derivatives of w; and w; in the represen-
tation are the same as in f, thus it corresponds a valid LPV model of the original
nonlinear system. As the chosen scheduling variable is a free variable in the original

d2
ar" =

cos’(p1) 0 2p
0 1 0

pi 00
0 00

sin(p) 24 éitpl 0
14l 0 0

0.
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system and is independent from w, the obtained representation corresponds to a true
(non-quasi) LPV system. This completes Step 5 of the proposed algorithm.

Another choice of route is similar to the previous one except taking the right
branch at fj6. The resulting scheduling variable is p = [w3 w;]" and the signal
variable is W = [w; wa w3 wy|". Then by these choices, the following LPV-KR
representation results:

sin®(p1) 24+ 3p1 0 0| d

w =
D1 0 0 0] dr

2 d?
cos“(p1) O a2 P2 2p1 Wt
0 1 0 0

A valid 1O partition of the obtained LPV-KR representation is y = [w; wy]' and
u=I[ws wy ]T, the 10 partition of the original nonlinear system. However, the max-
imal order of derivatives with respect to w; is 1. This means that the dynamics of f
has been simplified, i.e. masked into coefficient dependence, during the transforma-
tion process. Thus the resulting LPV representation is not a valid representation of
the nonlinear system.

A third choice is to use the route given with bold lines but to take the left branch
at fi3. The resulting scheduling variable is p = [w3 w4 ] and the signal variable is
Ww=[w; wy w3]. Then by these choices, the following LPV-KR representation
results:

cos’(p1) 0 2pa|
w+
0 1 0

sin(pr) 244p1 0fd_ fp1 00 d
P1 0 0|dr 0 0 0fd?

Note that the resulting LPV-KR representation with 10 partitiony = [w; w,]" and
u = ws is a valid representation of the nonlinear system similarly as the representa-
tion associated with the bold lines, but with an increased scheduling dimension and
a free but not independent scheduling variable p.

The remaining choices of available routes are the combinations of the previous
ones with no interesting further property. Thus in conclusion, the best choice of
LPV-KR representation of the system follows through the decision route indicated
by bold lines in Fig.[Z.l This concludes the final step of the algorithmic scheme. (]

7.4.3 Handling Non-Factorizable Terms

Now we investigate the case, when not all summand terms { f;;} are factorizable. In
that case, there is little chance for the elimination of these terms and to enable the
use of the previously introduced mechanism without any approximation. Variable
substitution to eliminate these terms (see Example generally does not work,
as the substitution must satisfy the equation for all derivative relations of the sub-
stituted variables. This may result in ad hoc operations, cancelations of terms and
alteration of the behavior. This unfortunate phenomenon even holds for constant
terms in general (see Example[Z3).
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b

Fig. 7.1 Decision tree of NL model transformation to LPV-KR representations

Example 7.3 (Elimination of non-factorizable terms). Consider the case when f;; =
1. Then this constant term is a non-factorizable expression in the nonlinear differ-
ential equation described by f. If f reads as

d
f<>W=W2dtW1 +w+1,

then the non factorizable term 1 can be eliminated by substituting w; with w; =
wiq + 1, which gives

wy  wi+w; =0.

dr

Such an expression contains only factorizable summands thus the previously de-
scribed procedure can be applied on this new differential equation to obtain an LPV
representation in terms of (W1, w,). However, if f is

fow= [Wzgwl —‘y—dwl + 1] ,
wi+ a2

then this elimination cannot be applied on the upper equation as it would introduce

a nonfactorizable term —1 in the lower one. In case of other non-factorizable terms,

it is generally true that elimination through variable substitution can be applied if it

satisfies all the equations without introducing new non-factorizable terms. (]
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A sound possibility is however to approximate the non-factorizable terms in the
following way:

1. Let f;; be a non-factorizable summand. Let Z;; be an index set containing all
i
dtl Wi

indexes (k,[) € I7" x I} such that f;; is dependent on J
2. For each (k,) € Z;;, try to approximate the function f;; as

o d
(fijow)(t) ~ ((ﬁjmw) " wk) (1) YweB VreR, (7.35)

where f, ikl € R.

3. If such approximation exists for some (k,I) € Z;;, then treat them as valid factor-
izations of f;; and proceed with the original algorithm, else transformation to a
PV form does not exist with the given precision.

The resulting LPV representation can be considered as the approximation of the
original NL system if the conditions described in Step 5 are satisfied. Note that
what is considered to be an appropriate approximation is highly dependent on the
intended accuracy. For some specific non-factorizable functions like sin(.), such an
approximation can be carried out even in an exact sense (see Example [Z4). If the
non-factorizable term is a constant f;; = y € R\ {0}, then no sound approximation
exists and one may risk to either use an approximation f;; = vg; wy or multiply the it
row of f with wy and restart the transformation procedure from the first step. Both
approaches may result in alteration of the original NL behavior.

Note that in the LPV behavioral approach, the terminology of almost everywhere
equivalence has been introduced to handle singularities of the coefficient functions
that result or change due to transformations in R[£]. One can sense that in case
of non-factorizable terms, we face the same situation as by dividing with a w; any
non-factorizable term can be turned to a factorized relation. However, the price to
be paid is an almost everywhere equivalence of the resulting representation if w; is a
free signal. However in case w; is non-free, division by w; can destabilize the origin
of the signal-space, critically altering the dynamical behavior of the system.

Example 7.4 (Approximation of non-factorizable terms). Consider the case, when
the non-factorizable term is sin(w). Then by writing this term as

sin(w) = sinc(w)w,

sin(w)

where sinc(w) = """/ and sinc(0) = 1, we get an exact factorization. However in
case of cos(w),
cos(w) = cos(w) w,
w

where limy_. €os(x) — o Thus this form can only be considered a factorization

if w is a non-zero signal. As an alternative, a finite Taylor expansion of cos(.) is
suggested
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1, 1 4
cos(w) = l+2w +24w +...
where if the non-factorizable term 1 can be eliminated, then the remaining tail con-
tains only factorizable parts. This holds for all common functions like trigonomet-
ric, exponential, logarithmic, etc. It holds in general that approximation problems of
non-factorizable terms relate to the question, how constant terms can be eliminated
or approximated with a factorized expression. (]

7.4.4 Properties of the Transformation Procedure

It can be concluded that the proposed method can transform a wide class of NL
systems satisfying Definition [ZIl An advantage of the method is that it provides
a systematic way of conversion, examining all possibilities of an equivalent LPV
realization. By checking validity of the derived LPV representation with respect to
the behavior of the original NL system, it provides a successful tool to solve Prob-
lem [Z1l Additionally, the algorithm gives a structured selection of the scheduling
variable p highlighting when not only a quasi-LPV but a true LPV formulation is
possible.

However, the approach has disadvantages as well. One of them is the heavy de-
pendence on symbolic recognition of summands and possible ways of factorization.
Thus the performance of the algorithm is clearly limited by the available symbolic
computational tools. Another disadvantage is that investigating all possible LPV-KR
representations that can be obtained from the generated decision tree can be quite
demanding in case of large signal dimensions or a complicated f. Moreover, in case
of large scale systems, computing and comparing the possible IO partitions of the
resulting LPV descriptions is hopeless.

It may also happen for some cases that no valid transformation of the NL dy-
namic system is available via the proposed algorithm. Commonly, there is little
chance of any ad-hoc transformation to succeed if the proposed method does not
work as the original system description is minimal and all possibilities are inves-
tigated. That means that some sort of approximation technique must be applied in
advance. In principle, it must be accepted that not every NL system can be appropri-
ately transformed to an LPV form, which is especially true for systems not satisfying
Definition[ZIl Examples for such dynamical relations are systems with delays, hys-
teresis, or non-functional signal relations like if-then rules. In such cases, the LPV
framework may be inappropriate for dealing with the system dynamics without con-
siderable approximation.

Comparing the proposed approach of model transformation to the available ap-
proaches presented in Sect.[Z.3] it can be concluded that this method gives adequate
transformation for a much wider class of NL systems. The selection of the schedul-
ing variable follows a more structured procedure, without the ad hoc selection of
input, output, or latent variables. This gives the flexibility to find the most efficient
form of transformation. In case of non-factorizable terms, approximation is inher-
ently involved in the transformation, similar to the methods of Sect.[Z.3] which result
in an approximation of the original behavior up to a specific precision.
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7.5 Conclusions

In this chapter, modeling of physical systems described by nonlinear differential
equations has been studied in the LPV framework. Our motivation has been to derive
tools that can assist model structure selection in LPV identification.

First we investigated the general questions of LPV modeling and the available
approaches. One of the major conclusions has been that instead of the transforma-
tion of a given mathematical description of the NL system to a LPV description,
the modeling problem needs to be approached from the perspective of a search for
a LPV system with equal behavior. This also implies that there is a prime emphasis
on the selection of the scheduling vector, i.e. which variables of the original sys-
tem are used as scheduling variables in order to find an equivalent LPV description.
The latter gives that the common starting point of the available approaches: the use
of a priori chosen state-space representation of the NL system, has the danger that
the prespecified state variable can seriously lower the realization possibilities in the
LPV system class. Furthermore, it has been shown that for linearization based meth-
ods any local transformation of the obtained linearized models can seriously alter
the result of their interpolation, i.e. the behavior of the obtained LPV description
may not even resemble the original NL system.

By showing the open problems of LPV modeling, in Sect. [Z.4] a transformation
algorithm has been proposed that aims at the exploration of all possible LPV systems
that are equivalent with respect to a given dynamical NL system and selecting that
specific description which preserves the original behavior the best. The approach
is formulated in terms of conversion of a NL differential equation to a PV form,
avoiding the problems related to other conversion tools. The developed technique
provides a useful tool to assist the identification methods of the LPV field with
structural information about the plant and ease the choice of parametrization of the
coefficient dependencies.



Chapter 8
Optimal Selection of OBF's

Abstract. In this chapter, selection of the optimal basis, i.e. the basis with the fastest
convergence rate, for the series-expansion of LPV systems is investigated. In fact,
we consider the situation when information about the system is only available in
terms of measured data records of the frozen signal behavior. Solution of this prob-
lem is crucial to provide a model structure selection tool for LPV identification
based on truncated series-expansion models. In case of an optimal basis, a fast con-
vergence rate of the expansion representation implies that only the estimation of a
few expansion coefficients is necessary for a good approximation of the system. By
using the concept of Kolmogorov n-width optimality of the basis with respect to the
frozen behaviors, we derive a practically applicable algorithm, that provides opti-
mal basis selection based on fuzzy clustering of estimated “frozen” poles. The pole
estimates are the results of LTI identification of the system with constant scheduling
trajectories. To consider the effect of noise on the estimation of the frozen poles, a
robust version of the algorithm is also developed using the strong relation between
the Kolmogorov n-width theory and hyperbolic geometry.

8.1 Perspectives of OBF's Selection

The concept of modeling discrete-time asymptotically stable LPV systems with or-
thonormal basis functions (OBFs) based truncated series expansions has been in-
troduced in Chap. 5] to develop an effective model structure for LPV identification.
However, practical application of this concept requires the selection of basis func-
tions that guarantees a fast convergence rate of the LPV expansion representation
of a system. The reason is that using a truncated expansion with a fast convergence
rate, i.e. only a finite number of OBFs from the basis sequence, a model results that
approximates the system well with only a few expansion coefficients.

In Sect. it has been motivated that to achieve a fast convergence rate of the
LPV expansion representation, a necessary condition is to use a basis which has fast
convergencerate with respect to §s, the set of transfer functions of the frozen system
set for the considered input-output (10) partition. In order to characterize optimal-
ity of the convergence rate with respect to a given transfer function set, like §s, we
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have introduced the worst-case concept of the Kolmogorov n-width (KnW) theory in
Sect. However, to use this concept to choose an n-width optimal basis, it is re-
quired to know the pole locations of §s, i.e. the region Qp, which contains the points
where not all transfer functions in §s are analytic. If reliable first-principle knowl-
edge is available to calculate Qp, then by solving the min-max problem of ([2.62),
optimal basis selection in the KnW sense can be achieved for the system. However,
in an identification scenario, such knowledge might not be available. Therefore, if
no reliable first-principle information is available about Qp, selection of the basis
has to be based on measured data records of the system. In this chapter, we consider
the situation when data records of some frozen behaviors of the LPV system are
available. Estimating LTI models based on these data records, result in pole samples
of Qp. Based on these sample poles, we aim at the derivation of a basis selection
mechanism, that is capable to accomplish the following objectives:

e Reconstruction of Qp based on the sample pole locations.
e Determination of the set of KnW optimal OBFs with respect to Qp.

The method we propose to solve these objectives simultaneously is based on the
fusion of the KnW theory and the fuzzy c-means (FcM) clustering approach (see
[22.[79]). These theories are applied together to derive KnW optimal basis functions
by the clustering of the sample pole locations. The resulting mechanism guarantees
optimality in the KnW sense for the obtained basis functions with poles at the cluster
centers in case the fuzzyness parameter approaches infinity. In this way it provides
a trade-off between the optimality of the chosen basis and the complexity of the
optimization.

8.2 Kolmogorov n-Width Optimality in the Frozen Sense

As a first step, we investigate the KnW optimality concept of orthonormal basis
functions with respect to a LPV system in a frozen sense. To do so we revisit the
KnW theory presented in Sect. and we highlight properties that are important
for the discussion of the basis selection mechanism. As the presented KnW theory
is formulated in the SISO case, we restrict the discussion to SISO asymptotically
stable LPV systems in the following. The basis selection problem for MIMO LPV
systems is postponed till Chap.

Let §s denote the set of transfer functions corresponding to the frozen system
set Fs for a given 10 partition of the LPV system S. In Sect. it has been al-
ready discussed that the KnW concept provides the selection of ng poles of an inner
function Gy, € H;— (E), such that the Hambo basis sequence (D;’l; generated by Gy,
(see Sect.[2.3) is optimal in the n = ng(ne + 1)-width sense with respect to a given
transfer function set. This optimality means that among all Hambo bases, the linear
combination of the set of ng(ne + 1) functions @/ has the smallest worst-case rep-
resentation error (in the 7, norm). In this sense, optimality means also the fastest
worst-case convergence rate p of the expansion of these transfer functions with the
basis sequence CD;’,; . In other words, a KnW optimal basis for §s provides series-
expansion representations of all frozen systems .%s, such that the convergence rate
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of the coefficients is optimal for the considered width. Note that #, i.e. the width in
which the optimality of the basis is considered represents a particular freedom. In
fact, it is a trade of between p and the number of poles required for Gy to achieve
it. By using a KnW optimal basis where both the optimal convergence rate p and
the width n is small, it is guaranteed that truncated expansion representations of all
Zs need only a few expansion coefficients to approximate each frozen behavior
adequately. This means that beside finding n-width optimal OBFs for a fixed n, it
is also important to search for an adequate n. The latter problem indirectly refers
to the question how many basis functions are required for the truncated expansion
representation to achieve a good approximation.
Introduce the pole manifest set

Qp = {4 €C|3peP, suchthat A isapole of F, € Fs}, (8.1

the collection of pole locations belonging to §s. For a given £2p and a fixed n = ng,
the KnW basis selection problem with respect to §s comes down to the inverse
Kolmogorov problem (see Sect.[2.3)): finding the best fitting hull of £p in the form

QA p) :={z€C||Gy(z ") < p}, (8.2)

where Gy, is defined by the poles A,, = (A ... ).,,g} and p > 0 is as small as
possible. Then, in terms of Proposition 211 the inner function Gy, associated with
the best fitting £2(A,,, p ), generates the n-width optimal basis functions with respect
to §s. For a given inner function Gy, with poles Ay, , define

n

g
Kng (2, Ang) 1= |Go (27 1) = T
j=1

Z—lj

8.3
. (8.3)

the so-called Kolmogorov cost. Then for a given ng > 0, the solution of the inverse
Kolmogorov problem is equivalent with the min-max problem (2.62)), formulated in
this case as an optimization:

minimize P =max;cq, Kn,(z,An, ),

(8.4)
such that A, = (A Mg, | €D,

The minimizer of (8.4), is an array of pole locations Ap, which defines the best inner
function, i.e. Hambo basis in the KnW sense. If the resulting (A,,,p) is equal to
Qp, then in terms of Proposition 2.l the generated basis is also optimal in the k - n,-
width sense for any k € N. Otherwise, higher width optimality of the basis does not
hold in the general case (see Example [8.1). This underlines that to find an optimal
OBF set for £2p, an optimal choice of ng is also needed. We will see that by using
powerful results in hyperbolic geometry, in some cases, an optimal choice of the
width is available.

Example 8.1 (Optimal n-widths). In this example, we show that a basis sequence
which is optimal in the KnW sense is not necessary optimal in the 2r-width
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or other higher width cases. Let an inner function Gy be given with poles
Ay =[0.55+0.55i —0.25+£0.25i]. For p = 0.1, G}, defines the complex region
Q(Aq4,p) whose perimeter is given with a grey line in Fig.[81l Any strictly proper
transfer function (and associated LTI system) with all poles in (A4, p) has a series-
expansion in terms of the inner function Gy, generated Hambo basis @7 with a
worst-case convergence rate 0.1. Denote by Qp = (A4, p), the region for which
we would like to find optimal OBFs in the KnW sense. It is obvious that in the
4-width sense, the Hambo functions bef are optimal with respect to Q2p and the
convergence rate is 0.1.

Now we would like to derive a 2-width optimal basis with respect to {2p. By ap-
plying nonlinear optimization in terms of (8.4), the resulting optimal Hambo func-
tions @Y are associated with the pole locations A, = [0.2995+0.3318i]. In this case,
the convergence rate, i.e. the minimal p > 0 such that Qp C Q(A,,p) is 0.5333.
With this p, the perimeter bound of Q(A;,p) is given with a thick black line in
Fig. Bl

Now we can see that series-expansion of any strictly proper transfer function
with all poles in 2p has a convergence rate 0.1 in case of the 4-width optimal basis
@} and 0.5333 in case of the 2-width optimal basis @5°. This clearly shows that
the worst-case decay rate of a Hambo basis <D:‘°° generated by a inner function with
poles A; = [Az Ay ] (repetition of the 2-width optimal poles) has a convergence
rate (0.5333)% = 0.2844. Comparing this to the convergence rate 0.1 of (fo it is
clear that the Hambo functions @:10 are not optimal in the 4-width sense. In general
it is true that higher width optimality is only guaranteed for basis functions with
Q(A,p) = Qp. From Fig.Blit follows that this is not the case for A,. However in
case of A4, this equivalence is satisfied, thus with respect to Qp, <Di is optimal in
the 8-width sense, <Df is optimal in the 12-width sense, etc. O

If Qp is known, then a solution of (8:4) for a fixed n, can be obtained via the
gradient-search based method of [[73]. However, in case of an identification sce-
nario, when Qp is not available, the gradient approach is not applicable unless Qp
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is reconstructed from some estimated samples. This raises the need for an approach
that solves both objectives (reconstruction and KnW optimization) and gives a prac-
tical solution for the basis selection step.

8.3 The Fuzzy-Kolmogorov c-Max Clustering Approach

In the following we introduce a particular data clustering algorithm, proposed in
[196], which is the extension of the fuzzy c-means (FcM) clustering approach used
in a wide collection of applications like pattern recognition, data analysis, image
processing and fuzzy modeling (see [22) [79]). As we will show, the proposed ap-
proach is able to effectively handle the reconstruction problem of p jointly with
the solution of (8:4)). First, in section[8.3.1] we formulate the exact problem setting
for the clustering approach to interpret our basis selection goal. Then we charac-
terize the optimal solution of the clustering problem and introduce the extension of
the FcM algorithm. As a next step, in Sect. we show how the derived optimal
solution provides an answer for the original basis selection problem of Sect.
Numerical properties of the derived algorithm are investigated together with practi-
cal aspects, like the use of adaptive cluster merging (ACM) in this setting. At last,
a simulation example is presented to show the effectiveness of the introduced basis
selection mechanism.

8.3.1 The Pole Clustering Algorithm

Objective-function-based fuzzy clustering algorithms, such as FcM, partitions the
data into overlapping groups, so-called clusters, where each data element is asso-
ciated with a set of membership levels with respect to these clusters. These levels
indicate the strength of the association between that data element and a particular
cluster. In this way, fuzzy clustering is a process of assigning these membership lev-
els such that the resulting clusters describe the underlying structure within the data
[79]. This enables the determination of the region £2p on the basis of the observed
poles by exploring the underlying data coherency.

Let n. > 1 be the number of clusters (pole regions) to be used to reconstruct p.
Note that due to the uniform frozen asymptotic stability of .Zs, it is guaranteed that
Qp C D, i.e. all sample poles z; are in the unit disc ID. Thus, let D be the clustering
space and let Z = {zk}kNil C D, be the set of observed poles for clustering. In fuzzy
clustering, a cluster is defined by two ingredients: a center (or prototype) v; € D,
i € I} and a membership function p; : D — [0,1]. While the former defines the
central point, the latter describes the “degree of membership” to the cluster for all
z € D. Note that the shapes of fuzzy clusters are not described by hard borders but
by the commonly bell-like shape of the membership functions on D. Introduce also
the so-called dissimilarity measure d :=D x D — R(T . This dissimilarity measure is
used to define the memberships of the clusters, i.e. how the function set {y;}:°, is
distributed on . By using a threshold value €, we can obtain a set
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Q. ={zeD| el w(z) > e} (8.5)

This set characterizes the region approximated by the clusters for the minimal mem-
bership level €. Now we formulate the clustering problem that is considered:

Problem 8.1 (Pole clustering problem). For a set of sampled pole locations Z and

for a given number of clusters n, find a set of cluster centers {v;};,, a set of

membership functions {1}, and the maximum of €, such that

e (). contains Z and it describes the underlying distribution of Z in terms of a
chosen dissimilarity measure d.

e With respect to Q¢, the OBFs, with poles A, in the cluster centers {v;};< , are
optimal in the KnW sense, where n = nc. |

The solution is based on finding clusters in accordance with the KnW concept
and subsequently finding a maximal value for &, such that all sampled poles are
inside €2¢. The latter is equivalent to minimizing p in the optimization problem
of (84). Note that optimality of the OBFs is considered with n. = 0. According
to the principle of the KnW theory, this might result in repetitive optimal poles
and therefore similar clusters. In the following we focus on finding n-width-based
clusters. Additionally, in case n. > N, the solution of Problem B.1lis trivial: the
cluster centers are associated with the sample poles. Thus only the case when ne <
N, is considered in the sequel.

Denote by V = [v;]1¢, the vector of cluster centers and introduce the membership
matrix U = [/,L,-k]nCX n,» Where L is the degree of membership of z to cluster i, i.e.
Wix = Mi(zx). In order to achieve the clustering goal, the dissimilarity measure d is
formulated in terms of the 1-width version of the n-width Kolmogorov cost (2.61):

Definition 8.1 (Kolmogorov measure)

I S A
K1 (x,y) '_‘l—xy* .]D)X]D)—>R8', (8.6)
is called the Kolmogorov measure (KM) on D. O

Later we show that kj is a metric in ID. As notation,
d,'k = K] (’Ui,Zk), (87)

is introduced. In the following discussion it is shown how the KM relates the FcM
clustering asymptotically to the KnW theory, and in this way to the solution of
Problem [B1] In order to uniquely associate each dj; with a membership level L,
the set of membership functions we consider must be restricted. A particular way is
to restrict them to ¥ | y1;(z) = 1 for all z € D, i.e. requiring that U € U2z, where
UD=, defined as

ne Nz
{U €01 ™ | Y g =1,k e} and 0< Y uy, Vi€ JI'{“}, (8.8)
i=1 k=1
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characterizes the fuzzy constraints. The solution of Problem [B.I]can be viewed as a
minimization of the fuzzy-functional J,, (U, V) : U= x D™ — R formulated as

n¢
Jn(U,V) := max > uiidy. (8.9)
kel Zi=1

This functional defines the cost function, i.e. the criterion of the expected solution
for Problem [B.1l It can be observed that (8.9) corresponds to a worst-case (max)
sum-of-error criterion, contrary to the mean-squared-error criterion of the original
FcM, see [22]. Hence, we call the algorithm that minimizes the fuzzy-functional
B fuzzy-Kolmogorov c-max (FKcM) clustering. The exact relation of (8:9) with
the KnW optimality of a partition (U, V) is explained later (see Th.[82)). The design
parameter m € (1,0), which is called the fuzzyness, determines the sharpness of the
cluster separation in the global minima of (8.9). This means that for low values of
m, the clusters in the optimal partition (U, V) are separated, i.e. even for a low value
of € they contribute disjoint regions to €. For large values of m, the contribution of
the regions are indistinguishable in almost every point of . This gives the intuition
that for low m, we try to achieve the reconstruction of Qp with the clusters in an
“individual” sense, while for large m in a “cooperative” sense. Based on this, the
following theorem yields the ingredients to solve Problem [8.1}

Theorem 8.1 (Optimal partition). Let m > 1, a data set Z C D with N, elements,
and a fuzzy partition (U,V) € U= x D" be given. Denote [V]; = v; and [U);; = .
Define y;(v,U) as the minimal value of T € [0, 1] fulfilling the quadratic constraints:

—z* 2 m, —
lel. (zik_”v)* Hik (3{ v)} =0, VzeZ, (8.10)
ik

where v € D. Additionally, let dy, = xi(V;,zx) be the dissimilarity measure of zj
with respect to'V and S(V,zy) = {i € I|* | dyx = 0} be the singularity set of zy with
Card(S(V,zy)) = ny (number of elements). If (U, V) is a local minimum of J,,, then
for any (i,k) € T x V=

—1
e . mL .
(_zl(;’;i) ) if S(V.2) =0
j:
Hik =

8.11
e if i€S(V,z); @1
0 lf l%S(V,Zk) 7&0,
v; =argmin Y%(v,U). (8.11b)
veD

The proof is given in Appendix[A3] Using the approach of the FcM case, mini-
mization of (8.9) subject to (8.8) is tackled by alternating optimization (Picard iter-
ation), steering the solution towards a settling partition in the sense of Th. For
the FKcM, this yields Algorithm 811
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Algorithm 8.1 (FKcM clustering)

Step 1.  Fix n¢ and m; and initialize Vp € D", [ = 0.

Step 2. With (8114), solve U;, | = arg min J, (U,v).
vel,&

Step 3. With 8110, solve V| = argvmg)n I (Up41,V).
cDne

Step 4. 1If J,, (U;1,V,11) has converged, then stop, else / =+ 1 and goto Step 2.

8.3.2 Properties of the FKcM

Next,we investigate the properties of the introduced algorithm, showing that KnW
optimality of the resulting cluster centers (if the solution is the global minima of
(89)) holds in an asymptotic sense (m — o). It is also discussed how Algorithm 8]
can be implemented in practice, how convergence of the solution can be detected,
and how numerical problems can be avoided.

8.3.2.1 Asymptotic Property

In order to explain the specific choices for the fuzzy functional (8.9) and the dissim-
ilarity measure dj;, we use the following theorem.

Theorem 8.2 (Asymptotic property of J,,). Given a data set Z C D with N, ele-
ments, and a vector of cluster centers V € D", such that dy, = k1 (;,z;) # 0 for all
(i,k) € ]Ijl\lz x I} (no singularity). Define Uy, as a membership matrix of V satisfying

(8I1d) for m > 1. Then

a. limy, 1 Jyu(Up,V) = max, eV min;pre {dix}, which corresponds to the hard par-
titioning of Z, i.e. Uy € {0,1}, ¥ (i,k) € I x T}~

b. L(U,V) = max, . (Z:‘;l dik) —1’ which is the maximum of the harmonic-
means-based distance of each z; with respect to the clusters.

¢ In(Unm,V) = né_mmaxkeﬂzlvz (H?;ldik)l/nc + O(e™™). Furthermore, Jy,(Up,V)

decreases monotonically with m, and limy,_,e J,, (U, V) = 0.

The proof is presented in Appendix [A3]l Th. shows that the value of m has
great impact on what the minimization of the fuzzy-functional represents. If
m = 1, each sample pole is assigned exactly to one cluster. Thus, minimizing the
KM distance of the cluster center with respect to only the assigned poles yields that
the resulting cluster center is the pole of the 1-width optimal basis function with
respect to the assigned sample poles. In this way, the optimal partition corresponds
to a collection of 1-width optimal basis functions with respect to each separated
groups of the sample poles. In case m > 1, each of the sample poles belongs to
all clusters with different membership levels. Thus minimizing the KM distance of
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each cluster center with respect to the sample poles with these membership weights
(see (89)), yields a set of pole locations that approximates the poles of the KnW
optimal solution. If m — oo, then these weights/memberships become equal, and all
cluster centers try to decrease the KM distance for all sampled poles in a coopera-
tive manner, which is equivalent with the KnW optimization problem (8:4). In this
way, the minimization of J,, corresponds to a close approximation of (8.4) for large
m. This property enables the FKcM to solve Problem [8:1] directly and explains all
the particular choiced] (dissimilarity measure, modified fuzzy-functional) we made
during its introduction. In this way, as a clustering mechanism, the algorithm solves
the reconstruction of the possible 2p and at the same time it solves the optimization
problem (8.4)) in an approximative manner.

It should be noted that, in case m — oo, ty — 1/n for all (i,k) € I} x I\* in
the optimal partition, which can cause numerical problems in the minimization of
(8.11b). Therefore m acts as a trade-off parameter: to obtain a well approximating
solution of Problem [8.1] an appropriately large value of m € (1,) should be used,
but at the same time m must be as low as possible to reduce the complexity of the
optimization. Based on experience in the application of the algorithm, m € [5,10)
usually yields satisfactory results (see [196]]).

For m > 1, the FKcM-functional (8.9) is a bounded (0 < J,, < 1) monotonically
decreasing function both in {dj } and U, which allows Algorithm[8]to converge in
practice@. The convergence point, which directly depends on the initial V), can either
be a local minimum or a saddle point of J,,,, fulfilling Th.[81]l Therefore, just like for
FcM clustering, it is advisable to repeat the algorithm multiple times with different
initial choices for V; and then select the best resulting set of OBFs. The performance
comparison of the resulting clusters is available by computing the Kolmogorov cost
(B3, i.e. associated decay rate, p of the cluster centers with respect to the sample
poles:

(8.12)

An other performance indicator is how tight the boundary region Q(p,A,, =V)
(see (B.1)) is with respect to Z. In practice, uniformly random choices for Vj are
suggested. Initial partitions based on the distribution of Z can also be used (V) cho-
sen as random elements of Z, Vjy is given as the points of a circle around the mean
of Z, etc.) however they limit the possibilities to explore all local minima, while
random initialization based on a uniform distribution gives equal probability.

In the rare case of singularity of the resulting partition (some dy = 0), Th.
does not hold. Such a phenomenon can only happen in extreme situations when for
example n. = N;. In that case, an optimal partition can contain some clusters whose
cluster center is equal to sample pole locations. Singularity of the partition can also
result if the samples of Q2p do not describe any data coherency, suggesting that p

! See [[192] for a comparison between different choices of the dissimilarity measure and the
fuzzy-functional to solve Problem [8.1]

2 For the standard FcM, convergence to a local minimum can be shown [22]], but the under-
lying reasoning does not hold for the FKcM case as J, is discontinuous on I/l,],\fz.
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is not a region but a finite set of isolated points. In such cases, the best solution in
the KnW sense is to assign a dedicated OBF with respect to some sampled poles.
However, when Qp is a region, this solution should be avoided, as the reconstruction
of Qp based on the pole samples is required before choosing the basis functions.
Thus, to assist the validity of the reconstruction, n, must be chosen a priori such
that it correctly describes the separated pole regions of Qp. This can be achieved
by visual inspection of the sampled poles, by trial-and-error or by using automated

selection (see Sect.[8.3.2.4).

8.3.2.2 Optimization and Numerical Conditioning

While Step 3 in Algorithm [81] i.e. the membership update, can be analytically
computed through (8114), Step 4, i.e. the cluster center update, requires the so-
lution of (8.11H). The optimization defined by is a minimization problem
with quadratic constraints (QC)s, where 7y is the optimization variable and v is the
decision variable. Based on [162], it is possible to derive sum-of-squares (SoS) re-
laxations of such constraints, through which is turned into a linear matrix in-
equality (LMI). The resulting convex minimization of ¥, based on these constrains,
is a linear semi definite programming (LSDP) problem that can be efficiently solved
by a variety of (interior-point-based) solvers like SeDuMi or CSDP etc. Al-
ternatively, bisection-based recursive search (see [8]]) can also be used to obtain the
minimization of {7} with respect to (8I0). In each step of this bisection-based
minimization, every QCs with a fixed 7 is rewritten as a LMI constraint. Checking
feasibility of the constraints indicates how to proceed with the minimization of ¥;
(see [193] for the details).

For high values of m, the QCs (8.10) become numerically ill-conditioned, which
Ny

can be avoided by the normalization of { Mg § sy

m

u; %
fe="0, with i, = uf. (8.13)
H k=1

i

8.3.2.3 Termination Criterion

In Algorithm[8T] the cost function J,, “flattens” when m increases. This yields that
for high values of m, J,,, is almost constant for all points of Z/l,ll\éz x D" except in the
close neighborhood of its local minima where its value decreases quickly. To avoid
unnecessary termination of the algorithm on the flat surface of the cost function, the
relative evolution of J,, in each iteration step /, has to be checked in a windowed
sense:

~ max (S (Uk, Vi) = I (U1, Vi1))

1
maxy Jy, (Ug, Vi)

< & (8.14)
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where k € ]If_n, n > 0 is the length of the window, and 0 < & < 1 is a user defined
termination constant. If in step / (814) is satisfied, then the relative evolution of J,,
has been small in the considered window, so the optimization is terminated. Expe-
rience has shown, that for m € [3,10], the threshold & = 0.99 with n = 3 usually

works well.

8.3.2.4 Cluster Merging

The determination of the number of “natural” pole groups in Z, i.e. the best suitable
n. for clustering, is important for the successful application of the FKcM method.
Similarity-based adaptive cluster merging (ACM) can be effectively used for this
purpose [196]. The basic idea of ACM is the following: a measure of similarity is
introduced with respect to cluster pairs. Then, in each iteration step of Algorithm
[B1] a cluster pair is merged when its similarity between iterations changes negli-
gibly (characterized with a threshold & € [0,1]) and if also this pair is the most
similar of all cluster pairs. However, merging is only applied if the similarity mea-
sure exceeds a certain threshold value, &, € [0,1]. In FcM clustering, commonly the
so-called inclusion similarity measure is applied (see [83]]) and &, is taken as an

adaptive threshold 8;1) = (ng) — 1)’1, where 8;1) is the value of the threshold and

nﬁ” the remaining number of clusters in iteration /. In [83]] this adaptive threshold

has been observed empirically to work well if the initial number of clusters n£°>

satisfies: nﬁo) < éNZ.

In [[196] it has been shown that starting from a large n., the use of the ACM strat-
egy in the FKcM algorithm gives the possibility to “adequately”’choose the number
of clusters to describe the region p, associated with the samples Z. In the consid-
ered problem setting, adequateness means that for the reconstructed region €2, in
which width sense we search for KnW optimal OBFs, where the basis functions are
associated with the cluster centers. If the available information, the sampling of Qp,
is dense, then in the optimal solution of Problem [B.1t 2 ~ Qp. This implies that
the ACM provides an effective choice of the width, i.e. the value of n in which the
KnW basis is searched for 2p with the proposed algorithm. However in terms of
Proposition[2.1] the setting of Problem (8.I) implies that repetitive basis poles can
also be part of the optimal solution. With ACM, these solutions are not accessible as
repetitive poles result in perfectly similar clusters which are immediately joined. As
a result, the ACM only yields convergence to partitions with distinct cluster centers.
This means that the choice of the adequate width in the KnW sense is restricted such
that the optimal basis poles for the adequate width must be distinct.

8.3.2.5 Validity Measures of Fuzzy Partitions

To check the quality of the resulting (U,V) partition in terms of the clustering
goal, several measures can be introduced that quantify the compactness, separation,
and validity of (U,V) (see [9]] and [43]]). A measure that can jointly express these
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concepts and give a common ground of comparison between different FcM parti-
tions is the Xie-Beni validity index [234]):

Nz nc
Y X uid*(vi,z)

1 ==
= 8.15
x N, min dz(’l)i,l)j) ( )
ijere

It can be proved that the smaller  is, the better the corresponding fit of (U, V) with
respect to Z is.

Based on the initialization of the FcM algorithm, optimal partitions with differ-
ent n. can be attractive solutions of Algorithm [81] with ACM. To decide which
of the solutions represents the underlying data-structure best, the separation of the
clusters can give an indication. To quantify the quality of separation, commonly the
normalized entropy is used [22]]:

ne Ny .
3 Y palog(RF)
S. = —’=“‘=11V . . (8.16)
z C

The smaller S, is, the more valid the hypothesis is that the clusters match with the
natural data groups (if they exist).

8.3.3 Simulation Example

To allow insight into the basis selection method an extensive example is studied.

8.3.3.1 The Data Generating System

Consider an asymptotically stable discrete-time SISO LPV system S with IO parti-
tion (u,y) and scheduling signal p. Let a minimal IO representation of S, Rio(S)

be given as:
5

Y (aiop)q'y = (baop)q'u, (8.17)
i=0

with P = [0.6,0.8] and coefficients

o p=—0.003, asop = fj,—0.2sin(g>p),
5.2 (5 5
ayop= 11225 —0.1 Sil’l(qsp), agop= _511+192q p 25%;(60(;15@ p)—sin(q p)) ,

ayop=—3g +0.2sin(q’p), asop=0.58—0.1¢°p,
byop =cos(q’p).

In Fig. B2k, the pole manifest set Qp of Rio(S) is presented with a solid red line,
while in Fig. the first 15 Markov parameters of the frozen impulse responses
of Mo (S) are given for all constant scheduling trajectories p(k) = p. These frozen



8.3 The Fuzzy-Kolmogorov c-Max Clustering Approach 209

Imaginary axis
Amplitude

. 15
10

- - 08
0 0.5 1 0 Sample [K]

Real axis

(a) (b)

Fig. 8.2 (a) The pole manifest set Qp (solid red line) of the LPV-10 representation Rjo(S).
Sampled pole locations are denoted by *. (b) First 15 Markov parameters of the impulse
responses of Rio(S) with respect to all constant scheduling trajectories p(k) = p.

impulse responses are associated with the behaviors of the frozen system set .%s of
S for the considered 10 partition. These pictures show that the dynamic changes of
S are quite heavy for different constant scheduling trajectories.

By using constant scheduling signals with values {0.6;0.6 + ; ...;0.8}, where
T =0.02, 11 frozen LTI representations of S are obtained, whose pole locations
are samples of Qp. These samples are given with yellow x in Fig. [82h. In our ba-
sis selection approach, these LTI representation are considered to be the results of
identification of S with constant p.

8.3.3.2 FKcM Clustering of the Sample Poles

By using the obtained N, = 11 - 5 sample pole locations as a data set Z, the FKcM
algorithm has been executed with different values of m and both with a fixed num-
ber of clusters as with the application of ACM starting from ng()) =27~ N;/2.In
the fixed case, n. = 8 is used and the obtained solution is denoted as m2n.8 for a
fuzzyness m = 2. In case of ACM, if the algorithm has resulted in n, = 11 clusters
for a fixed m, like m = §, then the solution is denoted by m8ad 1. Note that in the
fixed case we use the particular choice of 8 clusters as this number of clusters agrees
with the number of sets by visual inspection (two times 3 sets for the complex and
2 sets for the real poles). It is shown in the sequel that this number of clusters is also
selected by the ACM.

The results of the algorithm are presented in Table[8.land in Fig. The com-
parison in Table[§.1lis given in terms of N,y, the average number of iterations based
on 10 runs of the algorithm starting from random Vj; n., the number of obtained
clusters; S., the Normalized Entropy (see (8.16)); x, the Xie-Beni validity index
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Table 8.1 Comparison of algorithmic results in terms of Ny, the average number of itera-
tions based on 10 runs of the algorithm starting from random Vjy; nc, the number of obtained
clusters; Se, the Normalized Entropy; y, the Xie-Beni validity index; p, the achieved decay
rate; and &%, the worst-case absolute error of the impulse responses of the truncated series-
expansion representation of each F, € s in terms of the cluster centers generated OBFs
with n repetition.

Testcase  Na  nic X (dB) p(dB)  Se gl @B) k3’ (dB)
m2n.8 21 8 ~17.49  —5586 179 —43.73 —146.61
m8ad8 37 8 —12.42  —5838 241  —46.90 —171.41
m8adll 65 11 —8.44 8311 294 —77.33 —249.63
m25n.8 56 8 ~1320  —61.36 243 —4534 —168.83

(see (813D); P, the achieved decay rate (see (812)); and &5, the worst-case abso-
lute error of the impulse responses of the truncated series-expansion representation
of each F;, € Zs in terms of the resulting OBFs with n. repetitions. In Fig.83] the
resulting basis poles are given by blue x for each solutions together with the sam-
pled poles (red o). By using the cluster centers as basis poles, A,, =V, the resulting
boundary of Q (A,_,p) is also given in Fig.[83] Based on these, the following ob-
servations can be made:

8.3.3.3 Analysis of the Results

e The values of N,y, which are based on the results of 10 runs starting from random
Vo, are relatively low, but they are growing with m. Explanation lies in Th. by
which J;,, — 0 as m — eo. This property introduces both increased computational
error and flat shapes of membership surfaces for large m (compare Fig. [8.h to
B4b). Flat surfaces give smaller improvements towards the minimum of J, in
each iteration of Algorithm[8.1] than the smooth slope of the m = 2 case.

e The FKcM with ACM (g = —15dB), starting from n? =N, /2, converges to
a 8-cluster-based partition for low m, but in case of higher values of m, the op-
timization has different attractive solutions, like the m8ad8 and m8ad11 cases.
Here both the 8 and the 11 cluster-based partitions are attractive, depending on
the initial position of the cluster centers. However, m8ad$8 achieves a lower en-
tropy Se than m8ad 11, suggesting that m8ad8 corresponds better to the natural
data structure. As different initial conditions can drive the FKcM with ACM to
converge to partitions with different n, it is suggested to the user to choose the
one with the lowest Se, as it most likely yields the “best” partition.

e x is small in all cases, showing that each partition represents the underlying
structure well. However, y is not comparable for different m. y has a decreasing
tendency with growing n. and an increasing tendency for growing m, therefore
the fact that Y,05,.8 < Xmsadg Supports that m25n.8 corresponds better to the
underlying data structure in the KnW sense than m8ad8. However, such a com-
parison can not be made with respect to the m8adI1-case.
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Fig. 8.3 Results of FKcM clustering in the considered cases: sampled poles (red o), resulting
cluster centers (blue x), and boundaries of Q (A,_,p) (green bold lines).

e The region 2 (A, ,p) describes the pole locations of all transfer functions that
have a series-expansion with a worst-case convergence rate of p in terms of
the A,. associated OBFs. For the resulting cluster centers, the boundary of
Q (A, p) is relatively tight in all cases except for m2n.8 and it also includes
Qp (see Fig. [82). This means that the convergence rate of the basis has been
focused/optimized for LTI systems with transfer functions that have poles close
to the frozen poles of Rjo(S). P is also acceptable, which means small modeling
error, i.e. fast convergence rate if the corresponding poles generated orthonormal
basis are used for the series-expansion representation of the frozen behaviors of
S. In terms of Sect.[3.3] this implies fast convergence rate of the series-expansion
of § with respect to the derived basis. In the m8ad11-case, p is the best, which
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Fig. 8.4 Membership functions of the 8™ cluster for different . In the second case the point
corresponding to vg is not shown due to the peaking nature of the function to 1 (only a straight
line to 1 from a flat surface would be presented).

is the consequence of the larger (n. = 11) number of OBFs only. By repeating
the obtained pole sets in the Hambo generation of the basis functions, i.e. using
ne > 0, such that the number of generated basis functions are equal, compari-
son of the KnW performance of these cases becomes available. Based on such
a comparison, it follows that m25n.8 is better in the KnW sense, which is in
agreement with Th. The partition m2n.8 is the worst among these results,
which suggests that only larger values of m can ensure the quality of the obtained
solution.

Fig. and Table show the representation errors of the frozen impulse re-
sponses of Ryo(S) by the impulse responses of the truncated series-expansion
representation of each F;, € %5 in terms of the OBFs generated by the cluster
centers with ne repetitions. From these results it follows that the obtained set
of OBFs has negligible representation error with respect to §s, which has been
our main objective (see Sect.[8.3.1). Among the solutions with 8 basis functions,
surprisingly m8n.8 has the lowest representation error of the frozen impulse re-
sponses instead of m25n.8. Based on the previous results, one would expect that
the representation error of the frozen impulse responses is less for OBFs gen-
erated with higher m, however this is not the case here, due to the fact that Q2p
is sampled. Even if m25n.8 delivers a better choice with respect to the sampled
pole locations, it is not guaranteed that the reconstruction of 2p, based on the
sample poles, resulted in a better estimate than in the other cases. By comparing
the results in terms of Se, such a phenomenon is clearly indicated. The quality
of the information, i.e. how well the pole samples describe Qp is highly signif-
icant in establishing optimality between the sampled-poles-based OBFs and the
original system.

In conclusion, the FKcM solutions for the considered example are converging

relatively fast to optimal partitions in terms of Th.[81] In accordance with Th.8.2] as
m increases, these partitions give better solutions of Problem[8.1l ACM also ensures
proper selection of an efficient number of OBFs in the KnW sense, if the different
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Fig. 8.5 Approximation error of the frozen impulse responses of Rjo(S) by the impulse
responses of the truncated expansion representations of each F, € .%s in terms of the FKcM
clustering obtained OBFs.

settling partitions are compared in terms of Se. Furthermore, validity of the derived
partitions is supported by low y in all cases.

Comparison of results to solutions obtained by the gradient search method [[73}
Ch. 11], is only possible if the number of available samples of {2p is so high that
there is no need for the reconstruction of Qp. Thus an advantage of the FKcM ap-
proach is that it gives a solution for the practical case when only few samples of Qp
are available. In the unrealistic case, when {2p is known, both algorithms converge
to similar solutions, but with a lower computational time in the FKcM case. The two
algorithms also have similar properties in the sense that they only yield convergence
to local minima. As online selection of the efficient number of OBFs is difficult to
implement into the gradient search method, the FKcM approach, with strategies like
the ACM, has a second advantage over gradient approaches.
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8.4 Robust Extension of the FKcM Approach

During the development of the FKcM approach, we have assumed that some sam-
ples of Qp are given. These samples have been used as a data set, i.e. a source
of information on which the developed basis selection tool is based on. We have
motivated that such samples are available in practice either based on first principle
information or as the poles of model estimates of the frozen system set .%s. These
model estimates are considered to be the result of LTI identification of the LPV sys-
tem with constant scheduling signals. However, system identification is in practice
always affected by noise, thus the pole locations of the estimated models are the re-
alizations of an underlying probability function of the frozen poles. This means that
selecting basis functions, based on estimated poles, carries the risk that the result of
the basis selection by the FKcM method is significantly effected by the noise. In this
section, we aim to provide a robust solution of the previously considered basis se-
lection problem by reformulating the developed FKcM approach, such that it takes
into account the uncertainty of the pole estimates.

8.4.1 Questions of Robustness

In prediction-error identification, each estimated pole can be associated with an un-
certainty region in the complex plain for a certain level of confidence. In the classical
literature, ellipsoidal regions are quantified that are the results of the linearization
of the map from parameters 6 to pole locations {A}. In Sect. an alternative
approach of has been introduced that characterizes pole uncertainty regions
of the model estimates without linearization. The approach leads to a (possibly dis-
connected) uncertainty region P(Qg, ) C C for which it holds that

A, dn € P(Qq,0x), with probability > o (8.18)

where {21 yen ,in} are the poles of the model estimate. Note that this uncertainty
concept is still necessarily conservative as it disregards covariance of the pole es-
timates. However, later it will be shown that the locations of the possible pole es-
timates, i.e. possible poles of a transfer function set, are formulated in the same
worst-case sense as the KnW theory. Based on this, it is clear that by using the un-
certainty regions provided by this approach as data objects in both the reconstruction
problem of Qp and the KnW optimization problem, the basis selection task can be
solved in a robust sense.

In the original problem of FKcM clustering, the samples of 2p form a finite
set of points Z in . Because of the fact that Z is finite, both the reconstruction
problem and the minimization of (8:4) can be analytically computed and solved via
the proposed algorithm. However, if Z is not a finite set but a collection of complex
regions, i.e. uncertainty sets, it is not trivial how to calculate p in (8:4) with respect
to these regions or how to obtain the worst-case KM distance used in the FKcM
algorithm as the dissimilarity measure d;;. Subsequently the problem rises how to
solve the selection problem of the OBFs poles by using the FKcM mechanism.
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To provide answers for these questions, in Sect. we first show that by using
results of hyperbolic geometry, (83) and its 1-width version, the so-called Kol-
mogorov measure, can be analytically computed if the regions in Z are hyperbolic
circles or hyperbolic segments. However, shapes of uncertainty regions can vary ar-
bitrary, thus to use the developed hyperbolic results, the regions must be covered by
a collection of hyperbolic circles or hyperbolic segments. In Sect.[8.4.2la practically
applicable multistep procedure is developed that covers complex regions with the
union of hyperbolic circles. In this way the KnW optimization problem (8.4) and
also the reconstruction problem of €2p by the clustering of pole uncertainty regions
can be solved along a similar line of reasoning as in Sect. This robust extension
of the FKcM clustering is developed in Sect.[8.4.4land its properties are investigated
again in terms of optimality of the solution, numerical convergence, etc. It is shown
that the resulting algorithm provides the selection of asymptotically optimal OBFs
in the KnW sense for the local behaviors of S even in case of significant measure-
ment noise. This property is also illustrated through an example.

8.4.2 Basic Concepts of Hyperbolic Geometry

In order to develop the required geometrical tools, the basic aspects of the 2-
dimensional Poincaré disc model of hyperbolic geometry are introduced in the se-
quel. It is also shown how hyperbolic geometry can be used to generalize the results
of the KnW theory.

The 2-dimensional Poincaré model provides a conformal disc model, where
points of the geometry are in a complex disc. The lines are segments of circles
that lie inside the disc, where the circles themselves are orthogonal to the boundary
of the disc, or the segments are part of a diameter of the disc (see Fig. [8.6)). Be-
fore defining these objects, it is motivated why this geometric model has important
relations to the KnW theory.

We have already discussed that the Kolmogorov measure (see Definition [8.1)) is
equal to the cost function of the 1-width Kolmogorov problem (n, = 1) (see (83)).
Based on this property, the KM had an important role as a dissimilarity measure in
the FKcM algorithm to formulate KnW optimality of the obtained solution in an
asymptotic sense. Additionally, this observation has an important consequence for
geometrical objects in D which are convex in terms of the KM. Namely, that in the
ng = 1 case, the solution of (8.4) with respect to regions equivalent with these ob-
jects can be found through LMI’s based optimization. We will see that this property
provides an efficient way to solve the heavy nonlinear optimization problem that
(8:4) represents and is also the key ingredient to handle the robust basis selection
problem. In the following, we first introduce some simple convex objects in the KM
sense and additional geometrical tools that are required in the second part to develop
three key results for the above mentioned property.

The most simplest of the convex objects in the KM sense are the segments of
hyperbolic lines which are introduced through the concept of i-lines (see Fig.[8.6la)
and their orthogonality in C:
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Definition 8.2 (i-line, [32])). In C, an i-line L is either an Euclidian line E:

L=E(e,r):= {zG(C leﬁsr: > gg:me(z”e } (8.19)

with y-intercept e € C and slope r € R U {eo}, or Euclidian circle K
L=K(e,r):={z€C||z—e| =1}, (8.20)
with center e € C and radius r € R™, such that LND # 0. O

Definition 8.3 (Orthogonality, [32]]). Two i-lines L; and L, are orthogonal, iff

L L LilL,

line line Euclidian orthogonality
circle line Ly =K(ej,r1), thene; € L
circle circle Vz& LjNLy# 0, the radii of L} and L, through z are orthogonal

|
Now it is possible to define hyperbolic lines and segments (see Fig. [8.6):

Definition 8.4 (h-line & h-segment, [32]]). A hyperbolic line (h-line) is defined as
H = LND, where L is an i-line and L | J (orthogonal to the unit circle). The sec-
tion of H between x,y € H is denoted as Hyy and called a hyperbolic segment (h-
segment). (]

Lemma 8.1 (Uniqueness of h-lines, [32]). If x # y and x,y € D, then there is a
unique h-line H such that x,y € H.

Hence h-lines are part of Euclidean circles orthogonal to the unit circle or part of
Euclidian lines through the origin, where the part is strictly inside ID. The concept of
h-bisectors of h-segments (see Fig.[8.6b) is also important to develop connections
of Euclidian and hyperbolic geometry.

i-line as an A
Euclidian Ilne,,“ T =7

'/Ij . g \ h-segment
// \\/0 h-line
\ & \
/ V
| H

\
> !
- Pt SN >
] 1 1 ‘ / Th ‘\‘ I 1
/ h-bisector { vy o
, L} [ ] l

/ \\ N, e ,’,
2 NN K]f-'—; \.
f"/" i-line as an ~~_L h-circle
i E

uclidian circle -|

Fig. 8.6 Hyperbolic objects of the Poincaré disc model.
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Definition 8.5 (h-bisector, [32]). The h-bisector of the h-segment Hyy (segment of
h-line H), is an h-line H Laxy) containing the midpoint (in the KM sense) of Hyy and
H) 1 H, meaning that their corresponding i-lines are orthogonal. (]

Circles are convex geometrical objects in Euclidian geometry. Their counterpart in
hyperbolic geometry (see Fig.[B.6lb) is defined as follows:

Definition 8.6 (h-circle & h-disc, [32]). A hyperbolic circle (h-circle) Kj, (en,rh)
and a hyperbolic disc (h-disc) Dy (en, ) with h-center e € D and h-radius ry, €
(0,1) are defined as

Kn (en,rh) :={z€D| K (z,en) =n}, (8.21a)
Dy (eh,rh) = {Z eh | K (Z, eh) < I‘h}. (8.21b)
O

To establish connection with the Euclidian geometry, the following lemmas are im-
portant:

Lemma 8.2 (h-circle equivalence, [32]). For any Euclidian circle K (e,r) C D with
r > 0, there exists a unique h-circle Ky, (en,rn), such that Ky (en,rn) = K(e,r) and
ep is strictly inside K (e,r), i.e. |ep—e |<r.

Lemma 8.3 (h-center relation). For any h-circle Ky (en,ry) and its Euclidian
equivalent K (e,r), there exists a ¢y € R, such that e = @pep,.

The proof of Lemmal[83is given in Appendix[A.3] From Lemmal[8.2] it follows that
the same equivalence holds between discs and h-discs. Furthermore, Lemma [83]
states that the h-center and the Euclidian center of a circle or a disc lie on the same
Euclidian line connecting them to the origin. Note that hyperbolic circles are defined
through the KM measure. Therefore, based on and Proposition 2.1} for any
circular pole region £ = Dy, (ep,ry), the optimal A, in the Kolmogorov n-width
sense is A, = [ep ... en|1xn With p = rp. This important consequence generalizes
the result of for the pulse basis (see Sect.[2.3):

Theorem 8.3 (KnW optimal OBFs for circular regions of non-analyticity). For
the class of stable transfer functions analytical outside the disc Dy (en,ty) with
en € Dand ry € (0, 1), the set of (complex) OBFs

n—1
I— ey |2 . ) 1 —zef
Vizlen| Gi(2) . with  Gy(z) = b, (8.22)
Z—ep =0 Z—e€p
are optimal in the KnW sense.

The proof of Th.[83]is trivial from the previously described motivation. To utilize
this property of h-circles in the sequel, the following concepts are crucial:
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Fig. 8.7 Worst-case distance of a point v € D in the KM sense with respect to (a) h-segment
Hyy or (b) h-disc Dy, (ep, ).

Definition 8.7 (Angle of h-lines, [32]). Let H, and H be two h-lines intersecting
in point x and let H3 be an h-line intersecting H; in y and H in z. Then the angle
7h between H; and H, is defined by the cosine rule:

sin(k (x,y)) sin(k1(x,2)) cos (h) = cos(ki (x,y)) cos(ki (x,2)) —cos(ki(y,2)),
By convention, ¥; is the acute angle between H; and H,. (]

Definition 8.8 (h-inversion, [32]). by : D — D is called an inversion with respect
to the h-line H, iff hy maps h-lines to h-lines, preserves angles between h-lines, and
hu(z) =zforVz € H. O

The following properties are immediate:

Lemma 8.4 (h-inversion uniqueness, [32]). For Vx € D, there exists an h-inversion
bu, such that by (x) = 0 and hy (0) = x. If x # O, then the h-line H associated with
by is unique and H = H*&0), otherwise H can be any h-line through the origin.

In the sequel, the notation hy is used to denote the h-inversion associated with x.

Lemma 8.5 (Hyperbolic group, [32]). The h-inversions generate a hyperbolic
group D whose elements ) : D — D are called hyperbolic transformations. Each
h € D is a conformal mapping of D.

These give the following crucial observations:

Lemma 8.6 (h-circle transformation, [32]). For any b € D and h-circle
K, (en,h),
b (Kn (en,rn)) = Kn (b (en),rn)- (8.23)

Corollary 8.1 (k-invariance, [32]). x| (x,y) is invariant under D, meaning that
Ki(x,y) =« (b (x),b(y)), forall € D and x,y € D.

Now it is possible to develop three key results that are used for the robust solution
of the basis selection problem.
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Theorem 8.4 (x;-metric). The Kolmogorov measure K| is a metric on D.

The proof is given in Appendix[A3] This shows that KM is a natural “distancd¥” on
D.

Theorem 8.5 (h-segment worst-case distance). Given x,y € D, x # y, defining the
h-segment Hyy, then for any v € D

max k(v,z) = max Kj(v,z). (8.24)
2€Hyy €{xy}

The proof is given in Appendix [A3] Theorem B3] shows (see Fig. B 7h), that the
worst-case KM of any point in D with respect to an h-segment can be calculated
as the maximum of the KMs with respect to the endpoints of the segment. In Sect.
[BZ:4) this result is used in the solution of the KnW optimization problem for calcu-
lating the worst-case cost of basis pole candidates with respect to uncertainty regions
associated with real pole estimates.

Theorem 8.6 (h-disc worst-case distance). Let Dy, (e, ) be an h-disc and v € D.
Denote by Ky, (en, Tn) the perimeter circle of Dy, (en,th) and by H the unique h-line
through v and ey, if v # ey. Then,

ze{x,y} (8.25)

max ki (v,z) = '
Th, ifv=ep

€Dy

{ max k1(v,z), ifv#£en;

where {x,y} = Kn (en,tnh) NH (see Fig.[87b).

The proof is given in Appendix[A3] Again this key result is used in the solution of
the KnW optimization problem for calculating the worst-case cost of basis pole can-
didates with respect to uncertainty regions associated with complex pole estimates.
Furthermore:

Theorem 8.7 (Convexity). h-segments and h-discs are convex in D in terms of the
metric Kj.

The proof is given in Appendix [A3l In conclusion, the importance of hyperbolic
geometry with respect to the KnW theory is twofold. First of all, it can be shown
that the metric associated with this geometry is equal to the cost function of the
Kolmogorov ny = 1-width optimization problem described by (8.3). This equality
is a key property used during the derivation of the FcM based basis selection algo-
rithm (see Sect. B.3). The second importance is that by using convex objects of the
hyperbolic geometry as h-lines and h-circles, the solution of (84) over these regions
can be turned into a convex optimization problem with LMI constraints. The latter
property is essential to the robust basis selection algorithm developed later.

3 Note that KM is not a distance on D) in the geometrical sense; only 2arctanh (ki (x,y))
bears this property and is called the Poincaré distance [32]).
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8.4.3 Pole Uncertainty Regions as Hyperbolic Objects

In the robust basis selection problem the results of hyperbolic geometry will be ap-
plied on pole uncertainty regions. However, the pole uncertainty regions of Sect.
do not necessary coincide with hyperbolic objects. Thus, it is required to ap-
proximate these regions by a coverage of hyperbolic objects in order to apply the
developed results. In the following, a simple pragmatic procedure for this approxi-
mation is briefly explained.

In principle it is true that, if an identified transfer function G(q, 8y,) has a real
valued pole, then the pole-uncertainty region P(Qg, &) of G(q, éNd) (for a given con-
fidence level o) contains segments of the real axis. Therefore, these segment parts
of P(Qg, cx) can be associated with h-segments without the need of any approxi-
mation. In case G(q, Qy,) has a complex pole pair, then P(Qg, o) contains complex
regions which come in complex conjugate pairs. Depending on the uncertainty of
the model estimate, these complex regions can merge into one another, and can also
encircle parts of ID which seemingly do not contain any of the estimated or original
pole locations (see Sect.2.4.6). Thus complex pole uncertainty regions can occur in
complicated shapes. However, with a simple methodology, quite effective coverage
of such shapes can be achieved by h-discs.

Let Q be a separate, complex region in P(Qg, ). Due to the method of [19§]], the
separated regions are distinguished during the calculation of P(Qg, ). Assume that
an equidistant gridding of D is given with step size T € R and the set of grid points
is denoted by Q. Let Q1 = 2N Q be the grid points in £ and let Q_ = Q\ Q4.
Next, define ) as a collection of equidistant Euclidian discs with centers at each

points of Q4 and with radii r = \éz 7. In this way, a coverage of €2 is obtained by
an unnecessary large number of Euclidian discs determining uniquely their h-disc
counterparts. This is used as the initialization of the iterative optimization procedure
of Algorithm[8.2]to find an efficient disc-coverage based on a fixed number of n discs
with unequal radii.

In Step 2 of this algorithm, a disc is selected from the coverage which is the

furthest from the points of Q_ and its radii can be increased by \éz T, without
causing the discs to contain any point of Q_. In case of a tie, an arbitrary disc is
selected from the possible choices. The radius of the selected disc is increased with
‘éz‘c in Step 3. If a disc contains other discs after its radius was increased, then
those discs are removed from the coverage in Step 4. The procedure is repeated till
there is no disc whose radius can be increased by \éz T without containing a point of
Q-. The optimization results in a h-disc coverage that gives an “optimal” coverage
for the grid-points Q4+ with a minimal number of circles, however this number
can be much larger than desired. Therefore a second optimization is initiated in
Step 6, which gives a suboptimal approximation of this coverage by a predefined
number of discs n. In Step 7, two discs that have the smallest dissimilarity in terms
of g; = |ej — ei| + |rj —r;|, where e;,e; are the Euclidean centers and r;,r; the
Euclidian radiuses of the discs, are selected. These discs are merged in Step 8 by
increasing the radii of the larger disc with &;. If a disc contains other discs after
merging, then the contained discs are removed from the coverage. Merging is
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repeated till the desired number of circles is achieved. Example [8.2] shows how the
method works in practice.

Algorithm 8.2 (Disc coverage of complex regions)

Step 1. Let % := {D(e, \éz T)}ecq, be a disc coverage of €2 based on the step
size T>0.Letn>0and!/:=0.

Step 2. Find a D(e,r) € &, such that miny,eq_ min,¢p(e r) |V — 2| is maximal on
Py and D(e,r+ \éz 7)NQ_=0.LetD;=D(e,r+ \éz 7) otherwise D; = 0.

Step 3. If such D exists, then 7, = (2, \ D) UD;.

Step4. Remove all D from 2, | which satisfy D C D;.

Step 5. If D; # 0, then set / := [+ 1 and goto Step 2.

Step 6. If Card(Z).1) < n, then stop, else set / := [+ 1 and continue with Step 7.

Step 7. Find Di(ei,ri),Dj(ej,rj) € 2, such that D; # Dj, r; > rj, and &j =
|ej — e,-| + |rj — ri| is minimal.

Step8. D;=D(e;,r;+¢;)and 2,11 = (2, \{Di,D;})UD,. Perform Step 4 and
goto Step 6.

Example 8.2 (Hyperbolic coverage of pole-uncertainty regions). Continue Example
211by computing the hyperbolic coverage of the pole uncertainty regions with Al-
gorithm[B2lusing T = 1073, For regions associated with different confidence levels,
the results are given in Fig. 8.8l As can be seen, even the complicated butterfly
region is rather well approximated with a small number of h-discs. (]

8.4.4 The Robust Pole Clustering Algorithm

In the following, the robust extension of the original FKcM approach is discussed.
As the mechanism of the clustering remains the same in the robust extension, we
will follow the same line of reasoning as in Sect. However, we investigate and
derive these results in a different problem setting.

Let {Gp, }1° be a set of estimated frozen transfer functions of the LPV system
S identified for constant scheduling signals: p; € IP and 10 partition («,y). Each GAPI
is associated with a pole uncertainty region P, containing a number of regions in
D. Let {Qk}Q’i] denote the collection of these regions and introduce Zy as the set
of hyperbolic objects describing/approximating each €2, as has been discussed in
Sect.[8:4.3] If £, is a segment on the real axis (real pole), then associate Z; with an
h-segment being equal to €2, else associate it with a union of h-discs covering €2
(complex case). Denote Z = {Zk}gil and call it the data set. Similar to the original
FKcM algorithm, introduce 1 < ne < N, as the number of clusters or data groups,
v; € D as the cluster centers, and y; : D — [0, 1] as the membership functions of the
clusters for all z € D. By using the threshold value €, we again obtain the set
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Fig. 8.8 (a) 20 h-discs based coverage of a non-connected uncertainty region of Fig.
with confidence level 1%. The overfit in area is 4.55%. (b) 40 h-discs based coverage of a
connected uncertainty region of Fig. with confidence level 99%. The overfit in area is
4.35%.

Q. ={zeD|Jiel™, u(z) >e}, (8.26)

which is used to formulate the robust variant of Problem 8.1k

Problem 8.2 (Robust pole clustering problem). For a set of pole uncertainty re-
gions {Py, ;’i’?, described by a set of hyperbolic objects Z, and for a given number
of clusters nc, find a set of cluster centers {v;};<,, a set of membership functions

{ lii}?;p and the maximum of &, such that

e (). contains Z.
e With respect to £, the OBFs, with poles A, in the cluster centers {v;}:<,, are
optimal in the KnW sense, where n = n. O

Again, the solution is based on finding clusters in accordance with the KnW concept
and subsequently finding a maximal value for €, such that all uncertainty regions are
inside €2.. It is obvious that the only difference between the robust and non-robust
clustering problem is in terms of the data objects, which are points (poles) of the
complex plane in the non-robust case and regions of the complex plane in the robust
case.

Denote V = [v;]¢; and U = [uit],,_ ., Where Wi = max_cz, pi(z) is the degree
of membership of Z; to cluster i. Furthermore, “distances” d;; between v; and Z;
are also introduced to measure dissimilarity of Z with respect to each cluster. To
derive an algorithmic solution of Problem[8.2] this dissimilarity measure is defined
as the Kolmogorov measure, the cost function of the 1-width version of (§.4), but
instead of pointwise, it is defined with respect to each Z; in a worst-case sense:

djy = max K1 (v;,2) . (8.27)

ZE€EZ

Note that by applying Theorems[8.3]and[B.€l d;; can be computed analytically with
respect to each Z; € Z. If Z; is a h-segment between points z;;,zx € (—1,1), then
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dj;, is the maximum of the Euclidian distance between v; and these end-points. In
case Zy is a union of h-discs, then first the intersection points are computed for each
disc between the perimeter of the disc and the h-line connecting its h-center with
v;. Then dj;, results by calculating the maximum of the KM between these points
and v;. In all cases dj; > 0, as the worst-case “distance” over regions can never drop
to zero. In the sequel, it is shown that similar to the original FKcM approach, this
specific choice of dissimilarity measure relates the FcM asymptotically to the KnW
theory, and in this way to the solution of Problem[82] In order to uniquely associate
each d;; with a membership level p;; the set of membership function is restricted to
satisfy 3, 1;(z) = 1, which requires again that U € U= (see (B.8)).
In the robust FKcM case, the fuzzy-functional J,, (U, V) is formulated as

I (U,V) := max Z Uidy = max max Z Ui k1(0;,2), (8.28)
kel i3 kel 262k =

where the design parameter m € (1,c0) determines the fuzziness of the resulting
partition. (8.28) defines the criterion of the expected solution for Problem [82] cor-
responding to a worst-case (max) sum of error criterion. Its relation with the KnW
optimality of (U, V) is the same as in the FKcM algorithm except that here the KnW
problem is considered for regions and not for points of . Regarding the fuzzyness
m, its role in ([8.28)) is the same as discussed in the non-robust case. Based on this,
the following theorem yields the solution of Problem [8.2

Theorem 8.8 (Optimal robust partition). Let m > 1, a fuzzy partition (U,V) €
Z/l,],\:Z x D", and a data set Z = {Zk}kNil be given, where Zy is either an h-segment
between points zy1,zx € (—1,1) or a union of ny. h-discs with h-centers {ey } ;% and
h-radii {ry};* . Denote [V|]; = v; and [U);; = jj. Define %(v,U) as the minimal
value of T € [0, 1] fulfilling the quadratic constraints:

[ I1—2z"v|?

i GV 2 8.2
‘uirlg_(z_v)* T2 :| ) VZG ks ( 9)

for all k € T2, where v € D. Additionally, let dy, = max_cz, Ki(V;,z) be the dissim-
ilarity measure of Zy with respect to V. If (U,V) is a local minimum of J,,, then for

; Nne Nz .
any (i,k) € I x I}
n ! -1
(9 dik ) m—1
Mix = ( ; (8.30a)
(507
v; = argmin %;(v,U). (8.30b)
veD

The proof is given in Appendix [A3l Similar to the FcM case, minimization of
(828)), subject to (B.8), is tackled by alternating optimization which yields the same
algorithm as Algorithm [BJ] except in Step 3 and Step 4 the solutions are obtained

via (8.30a) and (8.30D)).
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8.4.5 Properties of the Robust FKcM

As a next step we investigate the properties of the robust extension of the FKcM
algorithm. It is shown that KnW optimality of the resulting cluster centers (if the
solution is the global minima of (8.:28))) holds again in an asymptotic sense (1 — o).
Practical implementation of the algorithm is also discussed together with how the
conservatism of the used pole uncertainty concept influences the procedure.

8.4.5.1 Asymptotic Property

We use the asymptotic properties of J,, to explain the specific choices for the fuzzy
functional (8:28) and the dissimilarity measure (8.27).

Theorem 8.9 (Asymptotic property of J,, in the robust FKcM). Given a data set
Z= {Zk}gip and a set of cluster centers V € D". Define U,, as a membership
matrix of V satisfying (830d) for m > 1 and let dy; be defined as[827 Then

Jn(Up,V) = nl =" max (H:lil dik) e +0(e™) (8.31)

kell)

Furthermore, J,,(U,,,V) decreases monotonically with m, and 1im,,_ e Jyy (Up, V)
=0.

As the proof is not affected by the specific choice of dj;, the same proof can be
exploited as in the original FKcM case (see Th. B.2). Based on Th. for large m
and for a U satisfying (8.304), J,,, corresponds to

n 1/ c
Jn(U,V) = nl~max max (Hiil Ki (vi,z)) ! , (8.32)

kel 262

thus its minimization gives a close approximation of (§.4), enabling the FKcM to
solve Problem [8.2] directly. However, if m — o, then again numerical problems can
occur in the minimization of (§30B). Therefore, to obtain a well approximating
solution of Problem[82] an appropriately large value of m € (1,0) should be used.
Just like for the original FKeM, m € [5,10] usually yields satisfactory results.

Similar to the previous case, for m > 1 the FKcM-functional is a bounded
(0 < J, < 1) monotonically decreasing function both in {d;} and U, which allows
Algorithm[8I]to converge in practice in the same sense as has been discussed in the
non-robust case. By using different initial choices of Vp, all local minima of (8:28))
can be explored. From these multiple runs, the best set of the obtained OBFs can
be selected by comparison of the achieved decay rate, which is formulated in the
robust case as:

e
p = max max H
keﬂll"z €2y 1

Z—;

. 8.33
1 —zvf (839

Comparison can also be made by visual inspection of the boundary region of
Q (Ay,,p)- In practice, uniformly random choices for Vj are suggested.
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8.4.5.2 Optimization

In order to derive an algorithmic solution of Problem in terms of Th. 8.8 it is
important to define the regions Z; as inequality constrains. Such form would enable
to use as a quadratic constraint and apply the same LMIs based optimization
as in the FKcM case. Using the hyperbolic geometry, each uncertainty region can
be represented in the following way:

e If Z; is an h-segment then for z € Z; it holds that
zk <2< Zgo- (8.34)
e If Z; is the union of h-disks then for a z € Z there exists al € H'fk such that

*
oeul 2ol (8.35)

] Thi
As the resulting descriptions define an inequality (see[8.34)) or a set of quadratic con-
straints (see thus is equivalent with a minimization problem with QCs
where ¥ is the optimization variable and Vv is the decision variable. As the structure
of these constraints is similar as in the non-robust case, it is possible to derive SoS
relaxations through which and (834) turn into LMIs. The resulting LSDP can
be efficiently solved by LMI solvers. Alternatively, bisection-based recursive search
can be used to obtain the minimization of % in (8300). Also numerical conditioning
of U; can relax the computational need of the LMI’s based optimization and the ter-
mination criterion of the overall algorithm can be established similar to the original
FKcM method. For details on these items see Sect. Similarity-based ACM
(see Sect.[83.2.4) can also be used for the determination of the number of “natural”
groups in Z, i.e. the best suitable n. for clustering, which is also important for the
successful application of the robust FKcM method.

8.4.5.3 Conservatism of the Pole Uncertainty Concept

The approach of calculating pole uncertainty regions, presented in Sect.
projects ellipsoidal uncertainty regions of parameter estimates to regions in the com-
plex plane. It has been already explained in Sect. [2.4.6 that these regions represent
the set of possible pole locations of the model with respect to the parameter uncer-
tainties with the given confidence level. However, the covariance of the poles, i.e.
which poles occur together in the model estimate with the given confidence level,
is disregarded in this representation. Thus, the projection is inherently conservative
as for a pole uncertainty region P of a 5™ order LTI model it is not guaranteed that
for any 5 arbitrary chosen points {4;,...,45} in P there exists a parameter vec-
tor O in the ellipsoidal parameter uncertainty region such that the model associated
with 6 has poles {A,...,As}. In other words, neglecting the covariance between
the pole estimates introduces conservatism. However, it is true that for any point
in P it is guaranteed that there exist 4 other points in P, such that these 5 points
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correspond to the pole locations of a model whose parameters are in the ellipsoidal
parameter uncertainty region. This means that the pole uncertainty regions obtained
by this method contain all possible, including the worst-case pole locations that
can occur due to the uncertainty of the obtained model. However, such worst-case
conservatism completely matches the worst-case concept of the KnW theory (see
Sect.2.3). Thus the conservatism of the projection does not affect the basis selec-
tion mechanism. This is an important observation which underlines the validity of
the presented approach.

8.4.6 Simulation Example

In the following an example is given to visualize the applicability of the robust basis
selection mechanism and to enable comparison with the original FKcM method.
In this example it is shown that disregarding pole uncertainties during the basis
selection process can result in a lower worst-case convergence rate of the obtained
basis functions.

8.4.6.1 Data Generation

Consider again the asymptotically stable SISO LPV system S given by the LPV-10
representation (817). By using constant scheduling signals with values {0.6;0.6 +
T;...;0.8}, where 7 = 0.04, 6 local LTI-IO representations of S are obtained,
whose pole locations are samples of Qp (see Fig. [8.2h). We use fewer constant
scheduling points in this case than before, to make the results and the figures more
transparent. The LTI models, associated with constant scheduling signals, in this
example are estimated. The identification of each frozen model has been based on
a OE parametrization and 250 samples long measured IO signals of the system.
The measurements contained additive white output noise € with normal distribution
N(0,0.1) and a white input signal u with uniform distribution Z/(—1,1). Using the
pole uncertainty concept of Sect. the pole uncertainty regions {Ti}?zl of the
estimated models have been calculated with confidence level & = 99%. The result-
ing uncertainty regions consist of N, = 6-5 complex regions {Qk}Q’i] which are
presented in Figures[8.0h-b. In Fig.[80h, the estimated frozen poles are denoted by
o with a color indicating the constant scheduling trajectory they are associated with
(deep red p; = 0.6 <= yellow pg = 0.8). The perimeter lines of the pole uncertainty
regions are given in Fig. with a color indicating which poles they are associated
with. Based on these figures, the resulting uncertainty regions are relatively large,
prognosticating that using only the estimated poles by the non-robust algorithm can
result in a serious performance degradation of the obtained solution. In order to de-
rive an OBF set for S based on the robust FKcM mechanism, a hyperbolic coverage
{Zk}gil has been generated with respect to each region €2, using gridding step size
0.01 and 20 h-discs per complex region. The average overfit in area has been 4.5%
of the resulting coverage (see Sect.[8.4.3]for details on this algorithm).
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8.4.6.2 Robust and Non-robust Pole Clustering

For the identified pole locations, the non-robust FKcM algorithm has been applied
with m = 8 and n. = 8 (denoted by m8n.8), while for the obtained hyperbolic cov-
erage, the robust FKcM with the same fuzzyness m and number of clusters n. has
been executed (denoted by rob-m8n.8). Note that m = 8§ has been used to guarantee
close approximation of the asymptotic case similar to the choices of the example
presented in Sect.[§.3.3] Moreover, n. = 8 has been used in both algorithms to en-
able comparison to the previous example. Note that the estimated poles form more
or less 8 groups in this case as well (see Fig. [8.9h), however this is not true for
their associated uncertainty regions where only 5 groups can be detected (see Fig.
[839b). The results of the clustering are presented in Figures 8. 10h—b and also in
Table In these figures, the resulting cluster centers are given by blue x. To vi-
sualize the performance of the associated OBFs, the perimeter of their (A, ,p)
region with respect to the uncertainty regions/pole estimates is given with a green
line. Additionally, to compare the performance of the resulting OBFs, the achieved
Q(Ay,, Pia) regions (green line) of the basis functions with worst-case convergence
rate Piq are given in Figures [B.1Th-b with respect to the estimated pole locations.
The performance is also compared in terms of their achieved (A, Punc) regions
given with respect to the uncertainty regions in Figures[§.12h-b, and also in terms
of their achieved Q (A, Puue) regions given with respect to the true frozen poles
in Figures B.13h-b. These figures have been generated for comparison purposes to
show why the use of the robust FKcM clustering delivers a better basis for the frozen
behaviors than the non-robust solution. In Table the comparison of the results
is presented in terms of the previously used indicators like ), the Xie-Beni validity
index and Se, the normalized entropy together with the achieved decay rate with re-
spect to the estimated pole locations: P4, to the uncertainty regions: Pync, and to the
true pole location of the local systems: Byye. Additionally, &%« , the worst-case abso-
lute error of the impulse responses of the truncated series-expansion representation
of each F;, € Zs in terms of the generated OBFs with n, repetitions, is also given.
Based on these and the previous results of Sect. the following observations
can be made:

8.4.6.3 Analyzing the Results

The resulting partitions of the non-robust (m8n.8) and the robust FKcM cluster-
ing (rob-m8n.8) solve the basis selection problem for the identified pole locations
/ pole uncertainty regions. This follows from the tight fit of the resulting bound-
ary regions (see Figures [8.J0h-b) with respect to the data sets and the achieved
small value of the worst-case convergence rate with respect to the used estimated
poles/uncertainty regions (see Pync for rob-m8n.8 and pPiq for m8n.8 in Table B.2).
However, the OBFs represented by the rob-m8n.8 partition are better basis func-
tions for S than the m8n.8 solution, as the worst-case convergence rate Pyye of the
basis poles with respect to the true frozen pole locations is smaller in the former
case. This is also shown in Fig. B13h, where the rob-m8n.8 solution achieves a



228

Imaginary axis

0 0.5 1
Real axis

(a) estimated poles

Imaginary axis

8 Optimal Selection of OBFs

0 0.5 1
Real axis

(b) uncertainty regions

Fig. 8.9 Estimated frozen poles of Rjo(S) and their associated uncertainty regions. The
poles are denoted by o in subfigure (a) with a color indicating the constant scheduling tra-
jectory they are associated with (deep red p; = 0.6 < yellow pg = 0.8). The perimeter lines
of the pole uncertainty regions are given in subfigure (b) with a color indicating that which
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Fig. 8.10 Resulting cluster centers (blue x) of robust FKcM clustering of the pole uncertainty
regions (deep red for p; = 0.6 « light orange for pg = 0.8) and non-robust FKcM clustering
of the estimated poles (red o). To visualize the performance of the cluster centers associated
OBFs, the perimeter of their £(A,, ,p) region with respect to the uncertainty regions/pole

estimates is given with a green line.
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Table 8.2 Comparison of algorithmic results in terms of y, the Xie-Beni validity index; Se,
the Normalized Entropy; the achieved decay rate with respect to the estimated pole locations:
Pid» to the uncertainty regions: Punc, and to the true pole location of the local systems: Pirye;
and &5, the worst-case absolute error of the impulse responses of the truncated series-
expansion representation of each 7, € s in terms of the cluster centers generated OBFs
with n repetition. All results are given in dB.

Test case X Pia Punc Ptrue Se 81’:18'«;1 8[?1353
rob-m8n.8  38.958 —52.444  —43.695 —47.012 2.830 —37.326 —140.919
m8nc8 —5.003 —62.809 —32.165 —44.052 2.828 —32.165 —131.207
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Fig. 8.11 Performance comparison of the resulting cluster centers (blue x) associated OBFs
in terms of the perimeter of their (A, , Piq) region (green line) with respect to the estimated
frozen poles (red o) of Rio(S).

relatively tight (A, Puue) on the true pole locations, while the m8n.8 case has
quite high performance degradation resulting in a loose bound (see in Fig. [8.13b).
This yields a smaller representation error if the rob-m8n.8 OBFs are used for a
truncated series-expansion representation of S, which is proved by comparing the
worst-case impulse response representation errors £y in Table[8.2] The reason why
rob-m8n.8 outperforms the m8n8 solution, comes from the fact that the m8n.8 so-
lution is based on only one realization of the probability density function (pdf) asso-
ciated with the pole estimation, while rob-m8n.8 is based on pole regions associated
with a level set of the pdf through the pole uncertainty concept of Sect. There-
fore, if the realization, i.e. the estimated poles, is far from the true pole locations,
then there is no guarantee about the true performance of the non-robust OBF se-
lection (Pyye > Pig). Contrary, the robust solution obtains guaranteed performance
for any realization inside the used uncertainty regions, giving a high probability in
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Fig. 8.12 Performance comparison of the resulting cluster centers (blue x) associated OBFs
in terms of the perimeter of their (A, , Punc) region (green line) with respect to the uncer-
tainty regions of the estimated frozen poles.
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Fig. 8.13 Performance comparison of the resulting cluster centers (blue x) associated OBFs
in terms of the perimeter of their (A, ,Pwue) region (green line) with respect to the true
frozen poles (red o) of Rio(S).

terms of o, that this guaranteed performance is the upper bound of the achieved
performance with respect to the true pole locations. This is clearly shown by com-
paring Pyye to Punc in the robust case. Obviously, the optimal performance of the
non-robust solution with respect to the true pole locations, Pyue = —58.38 dB (see
Table[8.1)) can be achieved in the noiseless case only.
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x is quite high in the rob-m8n.8 case and also moderately high in the m8n.8
case, showing that each partition represents the underlying structure inefficiently.
Moreover, the relatively high value of S, in both cases suggests also that a smaller
number of clusters is more suitable to describe the underlying data structure, which
agrees with the visual inspection of the almost colliding cluster centers (see Fig.
[B10). This phenomenon is due to the noise uncertainty: the originally required 8
clusters (see Sect. to describe the samples of {2p are more than the number of
clusters suggested by the identified poles, i.e. their associated uncertainty regions.
Using the ACM, the solution converges to a partition that consist of 7 clusters in the
non-robust case and 5 clusters in the robust case which agrees with visual inspection.
By comparing properties of clustering with varying m, the same conclusions can be
drawn as in the non-robust case in Sect. [8.3.3] except that the computation time
increases more rapidly with increasing m.

8.5 Conclusions

In this chapter, optimal basis selection for series expansion of LPV systems has been
investigated in the case when only measured data records of the frozen signal behav-
ior are available. The solution of this problem is crucial to provide a practical model
structure selection tool for LPV identification based on truncated series-expansion
models. In case of an optimal basis, a fast convergence rate of the expansion rep-
resentation implies that only the estimation of a few coefficients is necessary for a
good approximation of the system.

A crucial conclusion that we could draw is that a practically applicable and ef-
fective basis selection can be formulated based on estimated pole locations of the
system with respect to constant scheduling trajectories. By reconstruction of the
pole manifest set of the system based on these sample pole locations and finding
the KnW optimal basis with respect to the reconstructed regions adequate selection
of the basis follows. We could see that both of these tasks can be efficiently solved
in one step by using a modified fuzzy clustering approach. This approach is also
applicable in situations where the measurement noise has a significant effect on the
sample pole estimates, as by the use of hyperbolic geometry the basis selection al-
gorithm can be robustified with respect to pole uncertainty regions. In conclusion
the algorithms, developed in this chapter, provide effective tools for model structure
selection in terms of LPV truncated series-expansion models. In the next chapter
we will see how all tools developed so far, enable the identification of LPV systems
through a simple and effective approach.



Chapter 9
LPYV Identification via OBFs

Abstract. All the theory that has been introduced so far has served the sole purpose
of providing tools to formulate identification of general LPV systems in a well-
established manner. Building on the developed tools, a widely applicable identifi-
cation approach is proposed in this chapter by using model structures that originate
from truncated OBF expansion representations of LPV systems. First, under the
assumption of static dependence of the expansion coefficients, two identification
methods, a local and global one, are developed for the introduced model structures.
While the local approach uses the gain-scheduling principle: identification with con-
stant scheduling signals and interpolation of the resulting LTI models, the global
approach provides a direct LPV model estimate via linear regression based on data
records with varying scheduling trajectories. The approaches are analyzed in terms
of variance, bias, consistency, and applicability together with the validation of the
model estimates. Finally, to enable the estimation of modes with dynamic coeffi-
cient dependencies, a modified feedback-based OBF model structure is proposed
and estimation in this framework is formulated through a separable least-squares
strategy.

9.1 Aim and Motivation of an Alternative Approach

In the previous chapters we have built up an extensive LPV system theoretical
framework to provide understanding of model structures and to develop tools for
their analysis. Based on this framework it has been shown that a series-expansion
representation of discrete-time asymptotically stable LPV systems is available in
terms of orthonormal basis functions (OBFs). Based on the motivation given in
Chap. [Il we aim to use finite truncations of such representations as models for the
identification of LPV systems in the classical least-squared (LS) setting. We will
show that these structures:

e provide an easily scalable trade-off between model complexity and accuracy of
the estimate,
e simplify identification and control design,

R. Té6th: Modeling and Identification of Linear Parameter-Varying Systems, LNCIS 403, pp. 233
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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e do not suffer from locally changing system order,
e they extend the results of LTI system identification.

We also formulate the prediction-error setting for LPV identification, in order to
analyze the stochastical properties of estimation in these model structures and to
be able to investigate possible noise model concepts. This provides the final tool in
order to compare identification algorithms of the LPV field.

The aim of this chapter is to give a set of identification approaches that are capa-
ble to deliver theoretically well-founded model estimates in the LPV framework, ac-
complishing our primary objective. Here we do not pursue the proper exploration of
the other two steps of the identification cycle: experiment design and model valida-
tion, though some basic results about these issues are briefly covered in the analysis
of the identification approaches. The proper treatment of these steps is reserved for
further studies. Our intention is to open a new and sound alternative for the existing
identification literature and to stimulate the development of a future generation of
LPV identification approaches.

9.2 OBFs Based LPV Model Structures

LPV model structures based on truncated OBF expansion representations are intro-
duced in this section. The structures are defined by using the concepts of the classi-
cal prediction-error setting. Thus first, characterization of this setting is developed
in the LPV case. Due to the absence of a transfer function type of description of
LPV systems, the process and noise models are formulated based on their impulse-
response representation. This gives the possibility to develop one-step-ahead predic-
tors in this framework. As a next step, the proposed model structures, as truncated
OBF expansion representations are formulated with an output-error (OE) type of
noise models. Based on the fact that the coefficients can appear on the left or on
the right-side of the basis functions in the expansion, different model structures can
be introduced. Finally, important properties of the proposed model structures are
investigated and compared to other model structures of the LPV identification field.

9.2.1 The LPV Prediction-Error Framework

As a starting point, we assume that a non-autonomous, SISO, asymptotically stable
LPV system S = (Z,P,W,9B) is given in discrete-time (DT) with scheduling signal
p. We aim at the identification of this system based on a predefined input-output (10)
partition (u,y). We suppose that S is equivalent with the deterministic part of the
data generating physical system (i.e. the deterministic part of the physical system
corresponds to an LPV system with the considered scheduling signal). Based on
first principles information, it is possible in practice to select scheduling variables
for a plant that yield an LPV equivalent (see the procedure developed in Sect.[Z.4)).
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Fig. 9.1 Data generat-
ing system in the LPV
prediction-error framework.

p —*| Ho(g)op

| ;

u + BF Y
—* Go(9)°p 4Ny, >
LPV system Output additive
given by its IRR noise process

9.2.1.1 Prediction Error Setting

First we clarify the identification setting in which we position our models. Using the
concept of the classical prediction-error identification (see Sect. 2.4), it is assumed
that the data generating system, illustrated in Fig. is given as

y=(Go(q)op)u+v, O.D

where the process part, i.e. the LPV system S, is represented in a impulse response
form Rm(S):

oo

Go(a)op =2 (giop)a ", 9.2)
i=0

with g; € R. Note that due to the asymptotic stability assumption, every considered
discrete-time LPV system has a impulse response representation (IRR) (see Sect.
[B3). The reason why we use the IRR to define the data generating equation (9.1) is
due to the fact that a transfer function form of the dynamic relation, like in the LTI
counterpart (2.23)), is not available for LPV systems. Additionally, the noise part of
(©1) is given as v, satisfying

(Qay(q)op)v=(Q8,(q) o p)e, 9.3)

where e is a zero-mean white noise process with variance 2 and 04,: 08, € RIE]
are polynomial functions such that they define an LPV-IO representation with IO
partition (v,e), implying that Deg(Q4,) > Deg(Qp,). Similar to the LTI case, it is
assumed that the 10 representation (9.3) defines an asymptotically stable system in
the deterministic sense, otherwise the identification of Gy in (O.1)) is not meaningful.
Under this assumption, the representation of the noise structure has a pulse
basis series-expansion, which is denoted by Hy(q) and satisfies

oo

v=(Ho(q)op)e with Hy(q)= (hiop)q, (9.4)
i=0

where h; € R.
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9.2.1.2 One-Step-Ahead Prediction of v

Similar to the LTI case, to formulate a one-step-ahead predictor with respect to y,
it is required to clarify how we can predict v(k) at a given time step k, if we have
observed v(7) for T < k— 1. A crucial property of (3.4) that we will impose to enable
an answer to this question is that it should be invertible, i.e. there exists a stable
inverse H; (q, p) of Ho(q, p), where Hg (q,p) is a convergent LPV series-expansion
and .

e=(Hy(q)op)v. (9.5)
Note that by taking Qg,, 04, € R[§], where R[&] (the ring of polynomials with real
constant coefficients) is a subspace of R[], Hy is equivalent with a transfer function
and HS is its stable inverse. This results in the LTI case discussed in Sect. 2.4l

As a next step, write (9.4) as

=

v(k) = (hoo p)(k)e(k) + Y’ (hjo p)(k)e(k—i). (9.6)

i=1

Now the knowledge of {v(7)};<x—1 and a given trajectory of p implies the knowl-
edge of {e(T)}r<x—1 in the view of (0.6). Based on this relation, there are many
ways to define the prediction of v(k), like the maximum a posteriori prediction or
the mean value of the distribution in question, etc. The classical approach we use in
the following is to view the prediction of v(k) as the conditional expectation of v(k)
based on {e(7)} ;< and a fixed trajectory of p € Bp:

P(k[k—1) := E{v(k) [ {e(D)}r<k1,{P(D)}rez}, 0.7

where € is the expectation operator. Assume that p is deterministic and hg = 1,
which also implies that the feedthrough term in H is 1. These imply, that the con-
ditional expectation of v(k) is given as

=

D(klk—1) =Y (hjop)(k)e(k—i). 9.8)

i=1

It is also easy to establish that the conditional expectation minimizes the mean-
squared error of the prediction [103]]:

D(k|k—1) = argqbig)le {v(k) —9(k)}*, (9.9)

where the minimization is carried out over all functions ¥ € R%. Additionally, using
(©3) we can write

v = ((Ho(q)op)—1)e= (1—(Hj(q)op))v, (9.10)

which gives the classical one-step-ahead predictor result of v. In case p is a stochas-
tic process, it is a difficult problem to establish conditional expectation of v(k), as
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each Markov parameter h; can be a nonlinear function of p(k—1) where [ € Z, i.e.
it contains forward and backward samples of p. Due to this fact, in the upcoming
analysis p is considered to be a deterministic signal.

9.2.1.3 One-Step-Ahead Prediction of y

As a next objective, we develop the one-step-ahead prediction of y(k) based on
{¥(7)}r<k—1, {u(7) } <k and a given scheduling trajectory p € Bp. Since

=

v(k) = y(k) — g(giopxk)u(k—i), (9.11)

this means that also v(7) is known for 7 < k — 1. We would like to predict the value
of y(k) based on this information. Using the reasoning of the previous discussion,
the conditional expectation $(k|k — 1) of y(k) is

= (Go(q)op)u+
= (Go(q) o p)u+ (1— HT op))v
= (Golq) o p)u+(1— )(y )op)u)
= ((H3(q)Go(q)) o )u+(1—< G(@)e )) (9.12)

This gives that in the view of the developed IRR representation of LPV systems, the
classical result of the one-step-ahead predictor also holds in the LPV case, giving a
powerful tool to develop and analyze identification methods.

9.2.1.4 Prediction Error Models

Following a similar reasoning as in the LTI case, we introduce the parameterized
model

(G(q,6),H(q,0)), (9.13)

where 6 € R" represents the “parameter vector”, the collection of meromorphic co-
efficients associated with G and H (in case H is not dependent on p, then 6 contains
the real constant coefficients of H). Note that these coefficients are not necessarily
associated with Markov parameters. So 0 can correspond to the coefficients of the
process and the noise models given in a SS or 10 representation. Then, these pa-
rameterized structures are represented in a series-expansion form by G and H. The
parameterized model of leads to the following one-step-ahead parameter-
varying (PV) predictor based on (@.12):

= (1-H"(a.8)op)y+ ((H'(a,0)G(q,8)) o p)u. (9.14)

In this case, the allowed parameter space is © C R". Now again, we are looking for
an estimate of 6 such that yg is a good approximation of y, i.e. the prediction error:
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e(k,0) := y(k) =99 (k), (9.15)

is minimized. Just like in the LTI case, it is possible to apply the LS criterion (Z.30)

for this purpose based on an available data record Dy, = {y(k),u(k), p(k) gial

9.2.2 The Wiener and the Hammerstein OBF Models

In the introduced prediction-error setting, we aim to develop model structures in
which the process model G is a finite truncation of a OBF expansion representation
and the noise model H is equal to identity. The motivation is similar as in the LTI
case (see Sect. 2:4.3), namely that with this particular choice of the process and
noise models the coefficients of G appear linearly in and the noise model H
is parameterized independently from G.

Assume that we are given a set of Hambo orthonormal basis functions CD;’,; , de-
fined as

@, = {¢/(Z)GL(Z)};1’,,‘,’,,,g (9.16)

where Gy, is an inner function in H; (E). Note that CD;’,; can be arbitrary or chosen
by a basis selection mechanism, as described in Chap. Bl In terms of these basis
functions, a series-expansion representation of S, i.e. the process part of @.I), is
available in the form of (3.19), implying that:

o Ng

y=e+ (apoop)u+d, Y (wjop)dj(q)Gy(q)u, (9.17)
i=0j=1

where w;; € R and the feedthrough-term b € R are meromorphic coefficient func-
tions. As a next step, we define model structures as the finite truncation of the series-
expansion in (3.17). Here, one should realize that can also be formulated in
an alternative way, where the expansion coefficients appear after the basis functions.
Since multiplication by the time operator q is non-commutative with respect to wj;
(see Sect.[3.1.3), a finite truncation of that alternative form would lead to a model
with different approximation capabilities. To show that the alternative formulation
of exists, consider (3.3). It is obvious that this pulse basis expansion can be
also written as
—
y=(goopluta (Eropu+q(groput... 9.18)
where . is the forward-shift operator on R (see Definition[3.16). Using this alterna-
tive formulation of (5.3) to derive OBF expansions of asymptotically LPV systems
via the substitution rule (3.10), leads to

o Ng

y=e+(apoop)uty, ¥ ¢;(q)Gy(q)(wijo p)u. (9.19)
i=0j=1
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(a) W-LPV OBF model (b) H-LPV OBF model

Fig. 9.2 10 signal flow graph of (a) the W-LPV OBF model described by and (b)
the H-LPV OBF model described by @.24) with W = [wp; ... w,,eng] and excluding the
feedthrough term (o = 0).

Note that in (9.19), the coefficient functions {w;;} are generally not equal to the
coefficients of (9.17) due to the non-commutativity of q under multiplication.
Now consider the finite truncation of the Hambo basis (D;’l; :

@ = {6;()GL ()} 9.20)
with ¢ < oe. In terms of this truncation, or provide an approximation
of the data generating system (9.1, i.e the LPV system S. The resulting structures,
presented in Fig. 0. 2h-b, can be viewed as a filter bank of OBFs, which is a LTI sys-
tem, followed or preceded by a meromorphic weighting function set with dynamic
dependence on p. Thus, these structures have some resemblance with nonlinear
Wiener (NW) and nonlinear Hammerstein (NH) models, important model classes
for chemical, biological, and sensor/actuator systems [23]]. An LTI model with static
nonlinearity on its output is called a Wiener model while an LTI model with static
nonlinearity on its input is called a Hammerstein model. The consequences of this
similarity are investigated later on, but for the time being, to respect this relation,
the introduced structures are called a Wiener LPV OBF model (W-LPV OBF) and a
Hammerstein LPV OBF model (W-LPV OBF). These model structures are formally

defined as follows:

e Wiener LPV OBF model (W-LPV OBF)

ne g

G(q,0)op=mupop+ Y, > (wjop)9j(q)Gy(q), H(q,0)=1, (9.21)
i=0 j=1

with 0 = [ a0 w1 ... wne,,g]Te Rt(et)ng and p € Bp, where Bp is con-
sidered to be known. This model, given in Fig.[0.2h, is called the W-LPV OBF
model and denoted by mw(q’ge, 0,%Bp). In terms of (@.14), the predictor form
of reads as

ne g

9o = (wnoop)_u_+ 3, D (wijop)9(a)Gi(a)u. (9.22)
i=0 j=1 S 7

Yoo i)
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Let (A,B,C,D) be a minimal balanced LTI state-space (SS) reahzatlon of <15"e
Using this realization, the SS equivalent representation of (9.22)), is given by

gx = Ax+ Bu, (9.23a)
Y9 = Wop)x+ (woop)u, (9.23b)

o o T
where x = [ym yneng] and W = [wm wne,,g].
e Hammerstein LPV OBF model (H-LPV OBF)

ne g

G(q,0)op=mpop+ Y, Y, 9;(a)Gy(q)(wjop), H(q,0)=1, (9.24)
i=0j=1

with 0 = [woo wl --- wneng:lTe Rt(et)ng and p € Bp, where Bp is con-
sidered to be known. This model, given in Fig.[0.2b, is called the H-LPV OBF
model and denoted by th(cpgge, 6,%p). In this case, the predictor reads as

ne g
Yo :(woo<>p u+y > 0i(q) )(u/ijop)u. (9.25)
7 = 0j=1 v -
”00 ijj

The SS equivalent representation of (9.23), is given by

qx = Ax+ (Wop) u, (9.262)
o = Cx+ (wpo o p)u, (9.26b)

where [ii; ... ﬁneng]T =Wop)u

These model structures are the PV forms of the (A4,B) and the (A,C) invariant
Hambo OBFs based model parameterizations in the LTI case (see Sect.[2.1). Those
LTI model parameterizations are considered to be equivalent in a SISO setting, as
their coefficients are equivalent up to a linear transformation (Sect.[2.4.5]). However,
this does not hold in the LPV case due to the absence of the transposmon property
(Sect. EE) therefore the coefficients { w; /}’ 0’ e are generally not equivalent in

Vl

@21) and ([@.24). Thus, these model structures are dlstlngmshed in the sequel.

9.2.3 Properties of Wiener and Hammerstein OBF Models

As a next step, important properties of the introduced models are investigated from
the viewpoint of system identification. First we prove that the W-LPV OBF and H-
LPV OBF models are general approximators of LPV systems, so by these models,
LPV systems can be approximated with arbitrary precision. Then we explore how a
locally changing McMillan degree of the system, which is a crucial problem in the
interpolation-based identification methods, affects these model structures. Next we
show why these model structures are beneficial in the prediction-error setting and
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how estimates in these structural forms can be used for control design, i.e. that these
models are compatible with the existing LPV control theory.

9.23.1 General Approximation Property

It has been show in Chap.[§]that an asymptotically stable discrete-time LPV systems
has a series-expansion representation in terms of an arbitrary basis for RH,_ (E).
For such an approximation-free representation, infinitely many basis functions, (D;’l; ,
are required in the general case. This implies that using a finite number of basis
functions, db,’,lge, restricts the class of realizable LPV systems. Thus, it is important to
investigate the approximation capabilities of these models.

In the work of [30], it has been proved for nonlinear Wiener models that, if the
LTI part is an OBF filter bank, then such models are general approximators of non-
linear systems with fading memory (NL dynamic systems with convolution rep-
resentation). This means that, if the number of the OBFs in the filter bank tends
to infinity, then the best achievable approximation error of the output trajectories
converges to zero in an arbitrary norm, under the condition that the correct static
nonlinearity is used in the weighting block.

Now consider the LPV case. In Chap. [3] it has been shown that the series-
expansion of asymptotically stable LPV systems in terms of an orthonormal ba-
sis (D,‘;; is convergent. It has also been highlighted, that such series expansions in
general only exist, if the expansion coefficients have dynamic dependence. Further-
more, it has been shown that the expansion coefficients yield a sequence, which
converges to zero for each scheduling trajectory. For a given basis sequence (D;’l; ,
the worst-case approximation error of a truncated expansion representation is

TS (w0 0)05(q)Gh(q)u

i=ne+1 j=1

sup
(vu,p)€B

(9.27)

Based on the previous, it holds that this worst-case approximation error satisfies that

lim  sup
e (yu,p)€B

i Zg(wijop)%(q)G{;(q)u =0. (9.28)

i=ne+1 j=1

W-LPV and H-LPV OBF models are formulated based on finite truncation of LPV
expansion representations, thus (9.28) proves the following property:

Property 9.1 (General LPV approximation) W-LPV and H-LPV OBF models are
general approximators of LPV systems.

This result means that, by extending the basis function set of these models, ap-
proximation of general LPV systems can be achieved with arbitrary precision. An
additional property is that, in practice, careful selection of the basis functions can
ensure almost error free representation of the frozen transfer function set s of S
with a limited number of OBFs (see Chap.[8). Such a basis function set has fast con-
vergence rate in the series-expansion of S. This provides the conclusion that with
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the general approximator property, the proposed model structures offer an efficient
approximation structure for identification.

There is also an important difference with respect to the previously mentioned
nonlinear counterpart of this result. In the nonlinear case, a necessary condition of
the general approximator property is that the static nonlinearity must contain all
possible combinations of the products of the output signals y;; of the filter bank.
Due to the linear signal relation of the LPV setting, this condition is not required for
Property[0.1] i.e. the linear combination of y;; with meromorphic PV coefficients is
sufficient.

9.2.3.2 McMillan Degree Property

An additional property of the introduced model structures is that they are well struc-
tured against changes of the McMillan degree in the frozen system set .%s of S.
It is generally true that, if for a constant scheduling signal p(t) = p the associated
Fp € Zs has a lower McMillan degree than the rest of the systems in %, then
this does not imply that any of the coefficient functions {w;;} of the OBF series-
expansion is zero for p. This shows that these model parameterizations are not af-
fected by problems that are common for LPV-SS or 10 representations based model
structures (see Chap. [T).

9.2.3.3 Linear in the Coefficients Property

The third, but equally important property of W-LPV OBF and H-LPV OBF models
is that they are linear in the coefficients 0, i.e. both in predictor equations and
the coefficients {w;; } appear linearly. This means that for a LS identification
criterion and with a linear parametrization of {w;; }, the estimation problem of these
coefficient functions has an analytic solution.

9.2.3.4 Models for Control

The proposed models are also efficiently applicable for LPV control design.
Through ([©.23a-b) and (0.26a-b), a SS realization of the estimated models is avail-
able. Such SS forms have a trivial LFR realization if the coefficients {w;;} have
polynomial or rational dependence on p. Therefore the existing LPV control ap-
proaches, which are exclusively formulated for SS representations, can be directly
applied. Due to the fact, that both in and the matrix A is constant,
optimal control design greatly simplifies with respect to these model estimates. The
reason is that global dynamic stability of models with constant A can be always
expressed by a Lyapunov equation with non-parameter dependent, i.e. constant P
(see Sect. (3:3.2)). The only disadvantage is that many control approaches assumes
static dependence of the matrices. This implies, that dependence of {=;;} must be
restricted to static dependence, i.e. w;; € R np» 10 provide models to which these
control solutions can be applied. However, for the general approximator property,
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dynamic dependence of the coefficients is required, which means that the restric-
tion to static dependence reduces the representation capabilities of the models. This
issue is explored further in Sect.[0:3]and

9.2.4 OBF Models vs. Other Model Structures

The prediction-error setting with the one-step-ahead predictor (9.14) enables the
comparison with other model structures used in the LPV 1dent1ﬁcat10n literature.
Hence in the following, the properties of LPV-IO and SS models, introduced in
Chap.[T] are discussed in the prediction-error setting and compared to OBFs models.
As we will show, there are hidden assumptions in these LPV model structures in
terms of the noise models.

9.2.4.1 Comparison to LPV-IO Models

Consider
Ma

y=- (aiop)q” y+2b<>pq u+e, (9.29)
i=1 Jj=0

the LPV-1O filter model of the 10 identification approaches (see Chap.[I)). The pa-
rameter vector 0 for this so-called LPV-ARX model consists of the coefficients in
@29, 6 =[ai ... an, bo ... by, ], where each coefficient has static dependence.
It can be easily shown that the one-step-ahead predictor of y reads as

s

~3 (@op)a” y+Z (bjop)q (9.30)
i=1 j=0

<>
=)

if the noise model H is chosen in a way that

na )
H'(q,0)op=1+ (aiop)q " (9.31)
i=1

Note that, similar to the OBF models, this model structure is also linear in the coef-

ficients, but its noise model is not independently parameterized from the processes
part, as it is well-known for the LTI case. However, the suggested noise model

Ny .
e=v+ (aiop)g ™y, (9.32)
i=1

reveals that
H(q,0)op=1-=Y (a;op)q~'+ <Z(ai<>p)qi> <Z(ai<>p)qi> =
i=1 i=1 i=1

This shows that, even if each g; has static dependence, the noise model H(q,0)
has dynamic dependence, i.e. v is dependent on the entire past of the scheduling
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signal p. Thus the assumed noise structure of an ARX model is rather artificial,
implying much more conservatism than in the LTI case. It must be noted, that in the
cited works [226] [T1]), only the estimation problem has been solved in
the LS setting, while the assumed noise model of this model structure and its effects
have not been investigated. Recently, preliminary results have also appeared on the
possible use of more realistic OE or BJ noise models in the estimation of LPV-
10 models [94]]. Contrary to the previous results, the role of the noise model is
taken into consideration in these studies and an instrumental variable (IV) approach
is used to provide consistent estimation of the parameters with such noise models.

9.2.4.2 Comparison to LPV-SS Models

In the SS case, the model structure of the global identification methods, like the
global subspace techniques and gradient methods, is given by

gx = (Aop)x+ (Bop)u+ (Ejop)e, (9.33a)
y=(Cop)x+ (Dop)u+ (Exop)e, (9.33b)

where the matrix functions (A, B,C, D) define a DT-LPV-SS representation, E| , E» €
R™>*1 and e is a vector of independent zero-mean white noise processes (see
Chap. [T). The parameter vector 0 in this case is composed from the elements of
(A,...,E2) corresponding to functions which are commonly assumed to have static
p-dependence. In the SISO case, by applying a pulse basis expansion on this model,
the process model G and the noise model H trivially follow:

oo i—1
G(q,0) =D+ ZC<HAU1)B["1qf, (9.34a)
i=1 j=1
oo i-1 L
H(q,0) = E2+ZC<HAU]>E{’]q—Z, (9.34b)
=1 \j=1

where . /' denotes that the backward-shift operator (see Definition is ap-
plied j-times on the matrix. Note that the noise model involves matrices
of the process part, thus it is obvious that its not independently parameterized from
G and it depends on the entire past of the scheduling signal p. Furthermore, the
coefficients, i.e. the matrices, do not appear linearly in (9.34d). Thus, the model
(©:334-b) can be used in the prediction-error identification setting successfully by
either applying a (complicated) nonlinear estimation procedure, like gradient search
(96, [214] or in the unrealistic case, when the state signals x are measurable.
In the latter case, prediction of the state and output signals becomes linear in the co-
efficients, thus in a LS setting, linear regression can be used to derive a model esti-
mate (see [T07]]). Based on this, LPV-SS models are commonly estimated
in a non-prediction-error setting like the subspace approaches of 219].
An exception is the PBSID approach, extended to the LPV case in [210], where
the Markov coefficients of the system (in terms of finite truncation of ([9.344)), are
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estimated first via linear regression in a prediction-error setting (by assuming an
ARX noise model). Then, the estimated Markov coefficients are used in the sub-
space mechanism to calculate a corresponding LPV-SS form.

Comparison of the proposed model structures with the considered model struc-
tures underlines that the introduced OBFs-based series-expansion models are at-
tractive candidates in the prediction-error identification setting of LPV systems as
with an OE type of noise model they are linear in the coefficients and the noise
model is independently parameterized from the process part and independent from
the scheduling.

9.2.4.3 Similarity to the Nonlinear Wiener and Hammerstein Models

By comparing NW and NH models to the introduced structures, the structural simi-
larity is immediate. However, there are some fundamental differences:

e In the NW and NH case, a static nonlinearity is assumed on the output/input of
the LTI part. In the W-LPV and H-LPV OBF case, the “nonlinearity” is entering
through a dynamic dependence on p, which can be composed of external (strict
LPV systems) and internal (quasi-LPV systems) variables alike. Assuming that p
is equal to # or y, NW and NH models can be viewed as special cases of W-LPV
and H-LPV OBF models under minor restrictions on the static nonlinearities (see
Sect.[7.43).

e The LTI parts of W-LPV and H-LPV OBF are respectively single-input multiple-
output (SIMO) and multiple-input single-output (MISO) systems as opposed to
the SISO LTI part of NW and NH modeldY.

9.2.5 Identification of W-LPV and H-LPV OBF Models

In the following, a general outline of LPV identification based on W-LPV and H-
LPV OBF models is presented. The major steps of the identification cycle: model
structure selection, identification criterion selection, and estimation are considered.
Our aim is to set the stage for the upcoming discussion of LPV-OBF identification
approaches, which are based on particular choices with respect to these steps.

9.2.5.1 OBF Selection

In the case of W-LPV and H-LPV OBF models, there is a primal emphasis on the
model structure selection step of the identification cycle. This is due to the fact that
selection of the finite OBF set, that defines the structure, effects the approximation
capabilities in terms of the convergence rate of the series-expansion with respect to

! Originally both Wiener and Hammerstein proposed their models with SIMO and MISO
LTI parts, but because of the complexity of the problem, the LTI part has been simplified
to be SISO [23 [T03].
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this basis. With an adequate selection of the basis functions, i.e. with high conver-
gence rate, negligible approximation error, i.e. bias can be achieved. Beside selec-
tion of an adequate basis it is also important to decide how many of the functions in
the chosen basis function sequence are considered in the model, i.e. in which degree
the expansion is truncated. This decision directly effects the efficiency of the model
structure in terms of the number of coefficients to be estimated.

Tools to provide adequate selection of the basis functions have already been dis-
cussed in Chap. [/l where an algorithm has been proposed to assist basis selection
based on first principle information. By using this algorithm, the set of frozen pole
locations of the system can be characterized, and based on this pole set, the optimal
choice of a orthonormal basis follows in the Kolmogorov n-width (KnW) sense.
Additionally, in Chap.[8l a clustering algorithm has been introduced, that solves the
KnW optimal basis selection problem based on measured data. The latter approach
is useful in a black-box identification scenario, where no reliable structural infor-
mation about the LPV system/physical plant is available. Moreover, via adaptive
cluster merging, the algorithm is also capable to efficiently choose the number of
OBFs required for an adequate approximation of the system. This practically appli-
cable tool, which accomplishes the model structure selection in terms of the basis
functions can be summarized in the following algorithm:

Algorithm 9.1 (OBFs based LPV identification, basis function selection)

Step 1.  Estimation of samples of the pole manifest set 2p, associated with the
LPV system S. The estimation is accomplished by LTI identification of

each Fy,; € Zp of S for a given set of scheduling points {Pi}i\il cP.

Step 2. Based on FKcM clustering of the sample poles, determination of an ade-
quate (optimal) OBF set Cbﬁge C RH,— (E) with respect to S.

9.2.5.2 Parametrization of Coefficient Dependencies

Beside the selection of basis functions, model structure selection with respect to W-
LPV and H-LPV OBF also contains an equally important part: the parametrization
of the functional dependence of the coefficients w;; on the scheduling signal p:

wij = Yij(0), (9.35)

where y;; € R is meromorphic with constant parameters 8 € R". The aim of the
identification is to estimate 8 based on a measured data record. To simplify the esti-
mation problem, often a linear parametrization of the structural dependence in (9.33)
is used. In fact wj; is considered to be a linear combination of fixed meromorphic
functions Yj; € R|np:
1ij
wij =Y. 61 Wiji, (9.36)
1=0
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where 6;;; € R. A linear parametrization not only reduces the complexity of the
associated estimation problem but also makes the problem of adequate selection
of the underlaying structural dependence well-posed [197]. In terms of (3.36)), the
selection problem of an adequate parametrization translates to a search for a set
of functions {;;;} such that the true expansion coefficient w; of the system with

respect to the used basis functions satisfies w;; € Span({y; jl}?i:"()). Considering that
the class of meromorphic functions R presents degrees of freedom in terms of the
order of dynamic dependence and in terms of functions, any structural information
about the coefficients can considerably reduce the search space for an optimal choice
of {wiji}.

In case of a black-box scenario, the choice of {yj;;;} can be arbitrary. One can
consider all {y;;;} to be rational functions or polynomials with a fixed degree and a
fixed order of dynamic dependence. However the possible choices are enormous. By
including a too large set of functions {y;;;} can easily lead to over-parametrization,
while restriction of {y;j;} to only a few basic functions can lead to serious bias.
In order to assist the selection of an efficient set of functional dependencies in
the parametrization of linear regression models recently practically applicable ap-
proaches have been proposed in and [[73]]. While in a dispersion functions
based approach, originating form the machine learning field, has been developed to
basically learn the underlying (possibly) static nonlinear dependence of the coeffi-
cients, in a coefficient shrinkage method, originating form statistics, has been
introduced for this purpose. Contrary to the dispersion approach, the coefficient
shrinkage method, which is based on a so-called non-negative garotte approach, is
uses regularization in terms of weights to penalize individual elements of the param-
eter vector 0. In this way, the approach starts with a relatively large set of possible
functional dependencies from which those functions that do not contribute signif-
icantly to the validity of the estimated model are eliminated by decreasing their
weights. In this way the nonnegative garotte approach gives a practically useful tool
to decide from a set of functional dependencies, expected in the model, which are
needed for an efficient parametrization in terms of (9.36).

9.2.5.3 Criterion Selection and Estimation

Based on the predictor form (9.14), many different classical identification criteria
can be applied for the selected model structure. A particularly interesting choice is
the least-squared (LS) prediction-error criterion

Nyg—1

W, (6,Dy,) = k_zo % (k,0). (9.37)

1
Ny
where the residual € is given by (9.13). If the parametrization of the coefficients is

linear (see (9.36)), then with respect to (9.37), the estimation of {6;; }, similar to the
LTI case, reduces to a linear regression problem for the W-LPV and H-LPV OBF
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models. In other cases, when the parametrization of the coefficients is nonlinear,
then estimation corresponds to a nonlinear optimization problem.

To guarantee a unique solution of (9.37)), one condition is that the set of functional
dependencies { y;j; } are chosen such that and are globally identifiable:

Definition 9.1 (Identifiability, [56]). A model structure (G(q,6),H(q,0)) with a
parameter domain © C R” is called locally identifiable at a parameter value 6; € ©,
if 3 > 0 such that for all 8 € © with ||@ — 6;|| < € the corresponding one-step-
ahead predictors (see (9.14)) are distinguishable:

H(qae):H(qael) and HT(qae)G(qve):HT(qvel)G(qael) = 9:91

The model structure (G(q,0),H(q,0)) is called globally identifiable at 0, if it is
locally identifiable at 6, with € — eo. Moreover, (G(q,0),H(q, 0)) is called globally
identifiable if it is globally identifiable at all 6 € ©. O

In terms of the 1-step ahead predictor of the considered OBF models, and
(©:23), one way to guarantee this important condition is to assume that each set
{w; jl};’i:"() contains functions y;;; which are orthogonal with respect to each other
for all possible trajectories of p, i.e. p € Bp. In case of static dependence, this
means that y;;; are orthogonal with respect to each other on IP.

9.3 Identification with Static Dependence

In the previous part, we have developed truncated OBF expansion models, as the
basic ingredients of a well-posed LPV identification approach. As a next step, we
show how these model structures can be efficiently identified in the prediction-error
setting, such that the obtained models are directly applicable for control design.
First we clarify the exact identification setting (parametrization, identification cri-
terion, etc.) in which we aim to derive the model estimates. Then we develop our
approaches using either the gain-scheduling identification strategy (local approach)
or a linear regression based strategy with varying scheduling trajectory (global
approach). We only treat the SISO case. The MIMO extension of the developed
approaches is covered later. The methods are analyzed in terms of variance, bias,
consistency and validation of the model estimates is also investigated. Finally, a
simulation example is studied to visualize the performance of the approaches.

9.3.1 The ldentification Setting

In the previous parts, we have seen that a common feature of all LPV model struc-
tures, either based on SS, 10, or series-expansion representations, is that to represent
general LPV systems they need dynamic dependence in the parametrization of their
coefficients. However, LPV control design approaches often assume only static de-
pendence of the model estimate. On the other hand, it is hard to handle the extra
degree of freedom that dynamic dependence constitutes in an estimation problem.
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This gives the motivation to investigate identification in the special case, when the
coefficients of W-LPV and H-LPV OBF model structures are parameterized with
static dependence, i.e in the chosen structural dependence y;; is only depen-
dent on the instantaneous value of p. To make a clear distinction when we talk about
static and respectively dynamic dependence, we use w(p) to express evaluation of
a static coefficient dependence along a scheduling trajectory p, contrary to w ¢ p.
We have already motivated that using a linear parametrization of the expansion
coefficients (see (9.36)), estimation of the parameters can be formulated as a linear
regression if the LS identification criterion is used. Based on this, we aim
in this section at the identification of LPV systems by the mw(q’ge, 0,Bp) and
th(qs;ge, 0,%p) model structures, where the process part G is parameterized as:

noo ne g Mij
G(q.0)op =" 6o (p)+ X, X, Y 6:;1viji(p)0ij(q), (9.382)
I\O - _ i=0j= ll\ - _
wp) o p w;j o p

in the Wiener case and

1o ne Mg nij

G(q,0)op= Z Boor Woor (p) + Z Z 0i(a) Y, 61 wiji(p). (9.38b)
o © p wijop

in the Hammerstein case, where 6;j; € R, Y;j1 € R|np, and @ = {(1),]}
these parameterizations, the basis functions CD”ge are con51dered to be the result of a
basis selection and hence they are fixed, while the functions y;; are either chosen by
the user, or derived from first-principle information (like by the use of the approach
given in Chap. [7). It is also assumed that in each set {y; jl};’i:"() the functions y;j;
are orthogonal on PP to ensure global identifiability of the model. Consequently,
the remaining unknowns in the model are the real parameters {6;;;} which appear
linearly in the structures. Thus by using the LS criterion they can be identified by
linear regression. Here we do not consider the identification or optimal choice of
the functions y;;;. However, there are recent approaches available which can handle
efficient selection of {;;;} in the prediction-error setting, see [73].

9.3.2 LPV Identification with Fixed OBFs

Based on the choice of linear parametrization with static dependence and the LS
criterion, two pragmatical approaches are available for the identification of the LPV
system S via W-LPV and H-LPV OBF models:

Local approach  Identify w;; = 3, 6,;;y;j(p) for several p € P and interpo-
late the obtained estimates to calculate {6;j}. This gives the
freedom to choose the functions ;;;(p) based on the local es-
timates w;;. However, an apparent disadvantage is that many
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Fig. 9.3 Block diagram of local and global identification methods

experiments with different constant scheduling trajectories are
needed for successful interpolation.

Global approach  Using a data record with varying p, formulate a linear regres-
sion problem with respect {6;;;}. The resulting problem has
an analytic solution, giving a direct estimate of the parameters
without the need of interpolation.

In the following a detailed description of these approaches is presented based on
[194, [197], including an investigation in which situations one is more applicable
than the other. The approaches are formulated by assuming that the basis selection
phase has already been accomplished, so we pick up the line of reasoning right
after Step 2 in Sect. Fig. [03]illustrates the basic steps of the approaches.
For reasons of simplicity, we assume that no feedthrough term is present, =gy = O.
Later, the estimation of uyq is also investigated for both algorithms.

9.3.3 Local Approach

Assume that a set of constant scheduling points P = {pf}];]‘:"c1 C P is given for S,
where it is assumed that [P is well covered, meaning that max; min;; |p; — p;l,
i,j € HIIV“’C is small enough. This is required for successful interpolation by most
numerical methods. See [84] for an approach to optimally choose such scheduling
points under a linear regression identification criterion. Assume also that measured
data records Dy, p, = {y(k),u (k) ,p}gigl with length Ny € N are available. Then
the identification of S is solved as (continuing from Step 2 in Sect. [194]:
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Algorithm 9.2 (OBFs based LPV identification, local method)

Step 3a.  Fora given OBF set @j¢ = {o ]}';01"5 scheduling points P = {pT}NlOC

yeenlig? =1
C P, and identification criterion W, identify each frozen system F,_ €

Fp,TE H11V‘°° based on the LTI-OBF model structure:

n,

ng
Gp.(a,0) =Y, > wijz0ij(q), H(q,0)=1, (9.39)
i=0j=1

and data records Dy, p. of S collected with constant scheduling trajecto-
ries and with u that is persistently exciting with the required order. This

neA,ng-,Nloc
i=0,j=1.7=1 C R, where

{%; jf}?i’(r;izl describes the coefficients of @ with respect to Fp.

results in a set of estimated coefficients {;;;}

Step 4a. Interpolation of the frozen OBF coefficients {w;;;}. For each (i, ) €
]Ige. x I}¥, choose a set of.orthog(.)nal interpolfltionA functions {li/l};lio,
being a set of meromorphic functions over P, i.e. ¥z € R|,;, and a set
of constants {6, ,,}Z‘;fo such that

Nij

e = O Wi(pr), Vrele (9.40)
1

In this way the estimate of the expansion coefficients results as

njj

@Wiji= Y 0. (9.41)
=0

In general, any interpolation technique can be used to approximate the coeffi-
cient functions {w;; }, however most commonly polynomial, rational, or Chebyshev
interpolation provides adequate results (see [158]). Naturally, specific choices of
the interpolation functions result in different estimates of (9.41). Validation of the
model estimate is required to verify these choices.

9.3.4 Global Approach

Opposite to the local approach, the global approach utilizes only one data set which
is collected from S with varying scheduling, i.e. one global experiment. Assume
that measured IO data Dy, = {y (k),u(k),p (k) gial is available and it is informa-
tive for S. Informative means in this case that with the considered parametrization
(0384d-b), a unique model in the considered model class can be found in the
statistical sense such that is minimal. For a more detailed discussion on
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informativity and its connection to the classical notion of persistency of excitation
see Sect.[9.3.5.2] Using this data set, the global identification of S is solved in the
W-LPV OBEF case as :

Algorithm 9.3 (OBFs based LPV identification, global method, Wiener case)

Step 3b. For a given OBF set CD” ={¢ ]} ’ e and data record Dy, generate

¥ = J] ; (; e ¢ with y;; = ¢;;(q)u. ThlS step can be efficiently accom-
plished by using a minimal balanced SS realization (A, B,C,D) of Dy
The state evolution ( in the time interval [0, Ng — 1] with respect to
{u(k )}Nd "and x(0) = 0, gives ¥ on [0,Ng— 1] as ¥y =x.

Step 4b. Choose a row vector of meromorphic functions ¥ = [l,l/l];l’o for the
parametrization of each =j; in ( as w;j = 2;1’0 6,1y where {6}
are real unknown parameters, y; € R|,, (meromorphic functions with
static dependence), Y = 1 and {1//1}7':"0 are orthogonal on PP.

e, Mg My

Step 5b.  Using the data set Dy, estimate the parameters {6, } S04 =) by lin-
ear regression. Based on the predictor (9.22), define the regressors as

Y (k) =¥ ()@ ¥(p(k), Vkel[0,Ng—1], (9.42)
with ® denoting the Kronecker tensor product. Collect the data into
Ly =[70) ... y(Na—=1]", Yy, =[y0) ... yNa—1)]"
Arrange the parameters to be estimated into a column vector
6= [6010 - Ootn, - Ouengny] ' - (9.43)
Then, to minimize the LS prediction-error criterion

1
Wi, (6.0n) = [¥n, — T, (9.44)

the analytic solution is obtained by

A 1+ N1
Oy, = <NdrNdrNd) . <NdFNdYNd . (9.45)
In this way the estimates of the expansion coefficients result in the form
of:
Vlv R
@j= Y Oy (9.46)

=0
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In the H-LPV OBEF case, the identification procedure is similar. However, the
formulation of the regressor is more complicated as the coefficients appear linearly
at the input side. Next, it is described how Iy, can be formulated for the H-LPV
OBF case. The first step is the calculation of a parameter-varying transition matrix,
associated with the predictor (9.231-b), such that:

0 0
. CW(p(0)) 0
YNy = | CAW(p(0)) CW(p(1)) Uny, (9.47)

where Yy, = [99(0) ... $9(Na—1)]T is the stacked predicted output vector of the
H-LPV OBF structure. By simple rearrangement it follows that

0 0

R Cu() 0 .. vagz E?gg
YNy = | CAIu(0) ClIu(1) : (9.48)
N~ -~ -
Fn,
Let & be the delta function, i.e. pulse input at k = 0. Now define i = [h; ]]’] 0 ,’l"ge as
the state evolution of
qgh=A"h+C"8, (9.49)

on the interval [0,Ng — 1] with /1(0) = 0. Then h is used to calculate the columns
of the transition matrix HNd By combining each column of HNd in a Kronecker
product with ¥, the parameters {9, /1} to be estimated are separated, giving the

regressor matrix as Iy, = (Ao ... I:I,,P] where
Ng—1
= Y Hu (k) v (p(k)), (9.50)
k=0
andHy=[0 ... 0 A'(0) ... hT(Nd_k_l)]TeRng@eH).

Algorithm can also be extended for both model structures to estimate a di-
rect feedthrough term. The extension is obtained by defining upy = 2;1’0 6o0; ¥ and
formulating the regressor matrix as

M(0)®W(P(0)
I, = : I, | 9.51)
(Nd—1)®llf( (Na—1))

Including {6y, } into 6 implies that the estimate follows via (9.43).
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9.3.5 Properties

In this part the properties of the introduced identification approaches are investi-
gated. First we analyze the restriction of the used linear parametrization with static
dependence in the identification of general LPV systems and we characterize that
subclass of LPV systems where no bias results. Next we motivate when the use of
a global approach or a local approach is more fruitful in practice. Then we show
convergence and consistency of the parameter estimates. By using similarity of the
identification methods with respect to LTI prediction-error identification, we charac-
terize basic results about variance and bias of the estimates. Finally, (in)validation
issues are discussed in the introduced framework together with the estimation of
initial conditions.

9.3.5.1 Representation Capabilities via Static Dependence

It is important to investigate the effects of the linear parametrization with static
dependence on the representation capabilities of the models. From the SS repre-
sentation form of the models (see (0.23a-b) and (9.26a-b)) it is obvious that the
assumption of static dependence restricts the class of representable LPV systems
to systems which have a SS representation with static p-dependence only in the C
(see (0.234)-b) or in the B (see ([@.26a)-b) system matrices. This means that sys-
tems that have no representation that satisfies these conditions are not in the model
class. Hence, due to parametrization, a modeling error inevitably occurs during the
identification process in these cases. Additionally, the linear parametrization of the
expansion coefficients (see (9.38a-b)) implies that systems that are identifiable in
the considered way are further restricted to have a SS representation where only the
C (or B) matrix depends on p and the functional dependence is the linear combina-
tion of the used functions y;;. This underlines that selection of these functions based
on prior information is an important part of the model structure selection process.

A second consequence of the parametrization (9.38a-b) rises with respect to the
general approximator property of the W-LPV and H-LPV OBF models. We have
seen in the general case that increasing n. lowers the achievable approximation er-
ror with these models. However, in case of static dependence, increasing n, enlarges
Span{ (D,'l’;} which means that the worst-case representation error in the KnW sense
is lowered with respect to the frozen system set of the data generating system. How-
ever, an increase in n. may not lower the representation error of the LPV system
in a global sense as the modeling error can be significantly dominated by the miss-
ing non-static p-dependence of the expansion coefficients. This results in the loss
of the general approximator property, meaning that the approximation capability of
the model is restricted by the absence of dynamic coefficient dependence. Thus in-
creasing n. in the hope of better accuracy can easily result in over-parametrization
in this case.

We will see that despite the theoretically presented restrictions of the applied
parametrization, commonly in a practical situation, adequate approximation of the
data generating system can be achieved by the resulting model estimates. It is an
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important remark that the global method is also applicable in the situations where
the coefficients of the W-LPV and H-LPV OBF model structures are not assumed
to be static. As the estimation algorithm is independent from the choice of the ;;
functions, these functions can be considered with dynamic dependence. Then with
a data record containing sufficiently exciting p, estimation of the parameters is sim-
ilarly available as in the static case. Unfortunately, this property does not apply for
the local method, as in that case, interpolation with dynamic dependence based on
frozen estimates is an ill-conditioned problem.

9.3.5.2 Informativity of Data Sets and Persistency of Excitation

In order to estimate an adequate model in a given model set, most prediction-error
algorithms require persistency of excitation in terms of Dy, collected from the sys-
tem. This condition is required to guarantee consistency and convergence of the
estimates (see Sect. 2.4.3). In order to analyze the estimation in the defined LPV-
OBFs model structures, a characterization of the data sets satisfying this condition
is required.

In the LTT case persistency of excitation is associated with the notion of an infor-
mative data set. Let Dy, = {y(k), u(k) gial be a data set of quasi-stationary u and y
collected from the data generating system, and let Wy, (6, Dy, ) be an identification
criterion. Dy, is called informative with respect to a parametric model set with pa-
rameters 0 and a given Wy, if any two models in the model set can be distinguished
under Wy, (0, Dy, ) [56]. Basically this means that if the model set is globally iden-
tifiable (no two different parameters 0; and 6, give rise to the same predictor) and
the data set Dy, is informative, then Wy, (0,Dy,) has a global optimum in the
statistical sense. The latter is the essential requirement for consistency of any min-
imization method. The notion of persistency of excitation of order n relates in the
LTI case to an informative Dy, with respect to a model structure with n parameters.
The latter is equivalent to the possibility of statistically uniquely estimating a n™
order FIR filter based on Dy;,.

In the LPV case there are numerous differences. First of all, the requirements for
identifiability imply that the linear combinations of the used functions { y; }710 in the
coefficient parametrization provide inequivalent dynamical behaviors of the model
structure for each 6. Moreover, the notion of an informative data set in the LPV case
is not equivalent to the condition of persistency of excitation with a given order.
First of all, the model parameters 6 are related to signals y;(p)@;;(q)u and not only
the time-shifted versions of u and y, thus the functions {1//1}710 and the scheduling
trajectory p together also influence the estimation of 8. Moreover, the estimation of
the parameters of a LPV-FIR filter, irrelevant to the coefficient parametrization, is
not equivalent with the estimation of LPV-ARX models or LPV-OBF models due
to the non-commutativity of multiplication by ¢g. This means that the terminology
of persistency of excitation with order n is ill-defined in the LPV case. Instead, the
informativity of the data sets with respect to the assumed coefficient parametrization
and model order must be satisfied in order to ensure consistency and convergence
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of the estimation. However, conditions for data sets to be informative have not been
investigated directly in the LPV literature.

For the case of LPV-ARX models with polynomial dependence of the coefficients
on the parameters, conditions for persistency of excitation have been studied in [537]]
and [223], unknowingly also addressing the question of informativity of the data
set. In these works it is assumed that a LPV system is a family of LTI systems, each
associated with a point in IP. If the dependence on p is polynomial of order ny,, then
the LPV system identification can be realized by identifying at least ny, LTI models
operating at distinct values of P, and using these to determine the coefficients of the
polynomial dependence based on the interpolation principle. This means that a data
set Dy, is informative if

e p visits at least ny, different points py,...,p,, € P.

e Each sequence of u associated with a p; must be persistently exciting with respect
to the LTT model corresponding to p;.

e The number of revisits of each p; must be large enough to approximate the er-
godicity condition in a given neighborhood around the considered points of P.

These conditions are rather conservative from a number of viewpoints. A LPV sys-
tem can be considered as a set of LTI systems associated with points of P, but these
systems share a common memory so they can describe the continuation of the signal
trajectories when p changes. This means that in terms of the above given conditions
the variation of p must be infinitely slow in order to consider these systems to be
independent LTI systems. However, ergodicity requires basically that the number of
revisits of the chosen points must be infinite in the general case, which means that
the p should vary as fast as possible to revisit these points more often. This shows
that the above given conditions are too conservative for practical use. In [223], an
improved version of this approach has been developed which tries to overcome the
problem of conservativeness, but since it is based on the same principle of indepen-
dent LTT system estimation, the question whether a data set is informative in the
LPV case remains open. However, in practice, the absence of a solid criterion re-
stricts the user to the paradigm to excite the system as much as possible in order to
guarantee consistency and convergence of the estimation.

9.3.5.3 Consistency and Convergence

Similar to the classical LTI identification framework, it is possible to show that under
minor conditions, the parameter estimates of local and global W-LPV and H-LPV
OBF approaches are convergent and consistent. Convergence means that for Ny — oo
the parameter estimate éNd converges, i.e. éNd — 6" with probability 1, while con-
sistency means that the convergence point 6* is equal to the parameters of the data
generating system (9.1). Obviously, the latter property requires that the data gen-
erating system is in the model class of the M (Pe, 6, Bp) and Mw (P2, 6, Bp)
structures. For a given OBF set CD,’[ge and LPV system &, this means that for the
considered IO partition, S has a series-expansion in terms of CD;’,; where only the
first (ne + 1)ng expansion coefficients are not zero. Furthermore these expansion
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coefficients {wf} ’;01';;, appearing on the left (or the right) side of the basis func-

tions, are the linear combination of the functions {;;;} used in the parametrization

(©38d-b):

njj

wl =Y 05 Viji- (9.52)
=0

Collect these true parameters {98.1} into the parameter vector 6. Then, consistency

means that éNd — 0y with probability 1.
In the local case, assume that in the measurements 'D]Ii,d, the noise is uncorre-

lated with u and D}:,d is informative with respect to the considered model set. Then,

convergence and consistency of the estimated LTI models with parameters {w;;;} is
well-known [[73][T03]]. This implies the following theorem:

Theorem 9.1 (Convergence and consistency, local method). Given a model struc-
ture Mw (Pye,0,Bp), with OBFs ®jc and coefficient parametrization ([9.38a),
where 6;; € R, each {y; jl};’i:"() is a set of orthogonal functions on P, P is com-
pact, and each y;j; : P — R is Lipschitz continuous. Consider the estimate éNd de-
termined by the local method for Ng-long informative data records, gathered for
Moc frozen scheduling signals. If Nioc — o and Ngq — oo then éNd — 0% where
0% is the minimizing argument of the expected value of the squared residual error,

0" = argmingeo E{€2(0)}. Furthermore, if S is in the model class with parameters
6o, then 6* = 0.

Theorem (9.1) similarly holds in the H-LPV OBF case. This theorem implies that
the asymptotic parameter estimate is independent from the particular noise realiza-
tion in the data sequence and identification of the true system is possible if it is in
the model class. Proof of the theorem follows from the consistency and convergence
of the local model estimates together with the convergence of the interpolation in
case of Lipschitz continuous functions (for the latter property see [8]).

Consider the global approach. Assume that the available data record is informa-
tive with respect to the considered model. Then based on the OE structure of the
W-LPV and H-LPV OBF models and the applied linear parametrization of the coef-
ficient functions, it is well-known in the nonlinear case (see [103]]), that under these
conditions, the least-squares estimate of 6 is strongly convergent and consistent. So
the following theorem obviously holds:

Theorem 9.2 (Convergence and consistency, global method). Consider the esti-
mate Oy, determined by (9.4) with respect to the model structure imw(d?gg, 0,Bp)
or My(Pye,0,Bp). Assume that the data record De. is informative and the model
structure is globally identifiable. If Ng — oo, then éNd — 0% with probability 1 where
0% is the minimizing argument of the expected value of the squared residual error,

0" = argmingeo E{€2(0)}. Furthermore, if S is in the model class with parameters
6o, then 6* = 0.
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9.3.5.4 The Concept of Variance and Bias

Estimation errors of the resulting model estimates can be decomposed into variance
and bias parts:

Go(a) = G(a,6) = Go(a) — G(q,0") + G(a,67) — G(a,0y,)-  (9:53)
~
bias var;;lce

where Gy(q) is the pulse basis expansion of the process part of the data gener-
ating system (9.1, while G(q,éNd) corresponds to the truncated OBF expansion
form of the estimated model My (Dye, O,,Bp) or M (e, Oy,,Bp). Similar to
the LTI case, the bias part corresponds to the structural error, i.e. the modeling er-
ror introduced by the finite truncation of the expansion and the applied coefficient
parametrization, while the variance corresponds to the error which is due to the
noise contribution on the data.

9.3.5.5 Variance

In case of the local approach, the concepts of variance and bias can be formulated in
the frozen sense. By viewing the result of each frozen identification as a LTI model
estimate in terms of the considered basis functions, all results of the LTI framework
apply in terms of variance and bias (see Sect.[2.4.3). However, due to interpolation
of these local model estimates through their expansion coefficients, there is a little
hope to characterize the variance and the bias of the resulting LPV model estimate.
In terms of the bias, the main difficulty is that the number of frozen models, i.e. the
number of interpolation points has a significant, but not well understood effect on
the bias. For the variance, the problem is that, by knowing the distribution of {%; J-T},
it is a difficult problem in general to deduce the distribution of {éi i} in ©:40).
Based on these, variance and bias are only characterized in the frozen sense with
respect to the estimates by the local method.

In the global case, we face a different situation. We have already shown that the
parameter estimates in this case are consistent. Let D.. be informative with respect
to S. Then due to the prediction-error setting of the estimation, the classical result
of the LTI framework holds:

Theorem 9.3 (Asymptotic variance, global method). Consider the estimate éNd
determined by (Q.43) with respect to the model structure mtw(qb,';ge,e,%p) or
E)JTH(@;’;,G,%[@). Assume that the data record D.. is informative and the used

model structure is globally identifiable. Due to the convergence of éNd, there ex-
ists a 0* € O such that éNd — 0% with probability 1 if Ng — oo. Then

V/Na(Oy, — 0%) — N(0,Qp) as Ng— oo, (9.54)

where
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Qp = lim Ny-& { {;9 Way (9*793%)] {;9 Wry (9*,93Nd)T] } :
Note that the proof follows similarly as in the LTI case [103], due to the fact that the
considered model sets correspond to asymptotically stable models with respect to all
0 € O, the estimates of 0 are convergent, and the considered prediction-error frame-
work is equivalent with the classical formulation. This basic result on the variance of
the parameter estimates provides some insights, however further properties in terms
of asymptotic model order or frequency characterization of the variance are hard to
derive due to the parameter variation. Developing more informative expressions for
the asymptotic variance is an aim of future research.

9.3.5.6 Bias

Consider the estimated models imw(cbﬁge, éNd, Bp) and EDTH(CDZL‘;, éNd,%p). In the
global case it holds that, if the data record Dy, is informative and the data gen-
erating system is in the model class, then the classical results of prediction-error
identification imply that the estimate éNd of the parameters 0 is unbiased. In case
the process part Gy, i.e. the LPV system S, in (O.1)) is not in the model class, i.e.
either in the series expansion of S by @} there are non-zero coefficients {=}} in
the truncated part (w;; 7# 0 for i > ne), or the coefficients have a different depen-
dence than the used parametrization (9.38a-b), then for the asymptotic estimate 6*
it holds that for a given p € Bp

(Gola) ~ G(@.0)op =33 ((w —lijoe;;,w) <>p> 4i5(a)

i=0 j=1
~ ~
parametrization bias
) }’lg
+ 2 X (wjop)dij(q), (9.55)
i=ne+1j=1
~ ~ -

truncation bias
where 6% = | l’;l}lniggji’f 1o and {=]}} are the expansion coefficients of S in terms of
@;-. The first part in expression m describes bias due to improper assumptions
on the scheduling dependence while the second part describes bias due to the non-
considered tail of the series expansion. Based on (9.33)), it can be concluded that by
extending the number of basis functions, i.e. increasing ne, the truncation bias can
be arbitrary decreased. However, increasing n. means that more coefficients appear
in the parametrization bias, which results in an eventual increase of this term. This
underlines that choosing a good coefficient dependence in terms of {y;;;} is equally
important as the choice of a OBF set with fast convergence rate. Fortunately, due
to the model transformation approach of Chap. [7 first principle information can
be used to assist the adequate choice of y;;; with respect to a given basis @,’l’ge It
reliable first principle information is not available, the recently developed statistical
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tool based on a non-negative garotte approach can accommodate adequate selection

of {1}, see [200].

9.3.5.7 (In)validation

In general, reliable (in)validation of LPV model estimates is a theoretically hard
task. One problem is that uncertainty of the model estimates has not been investi-
gated in the LPV framework and, on the other hand, it is difficult to judge how the
estimated model relates or fits to the available first principle knowledge.

In general, only (in)validation through model simulation is available, comparing
the model output with respect to measured data records which are assumed to be
informative. Here the richness of p in terms of excitation has a prime importance,
as with slowly varying scheduling trajectories, model estimates with significantly
different transient behavior can seem to be both valid models of the plant. Error
measures like MSE, BFR and VAF, introduced in Sect.[2.4.7] can be successfully
used to accommodate comparison of the simulated and measured signals and to
decide on the validity of the model estimates. However, in case of an invalidated
model estimate, it is hard to give any indication how to identify the system with a
better end result (reconfiguration of the model structure, more exciting (u, p), other
type of identification method, etc.).

Additionally, for the introduced models, (in)validation can also be accomplished
based on the residual signal € in the one-step-ahead prediction error (9.13). The
residual can be easily computed for the proposed models as the inverse of the noise
model is 1. Applying residual analysis, similar to the LTT case, the hypothesis that
€ is white noise or € is uncorrelated with the past inputs can be tested. If these
hypothesis tests result in rejection, then the deficiency of the applied model structure
is implied. The only problem is that due to the approximative nature of the applied
model structure (both in terms of the finite series expansion and in terms of the
assumption of static dependence), some unmodeled dynamics of the system always
contribute to the residual term. This implies that, based on residual analysis, the
models are most likely to be rejected. Thus, in the following, we only consider
(in)validation in terms of simulations and error measures.

9.3.5.8 Initial Conditions

In practice, slow dynamics of the system, safety considerations, or high costs of long
measurements often result in data records which are collected with non-zero initial
conditions of the plant. For these data sets, the initial conditions need to be estimated
during the identification process. In the LTI case the identification framework of
OBFs supports estimation of initial conditions (see [[73]), which can be efficiently
applied in the local algorithm to estimate initial conditions of the frozen systems of
S. Therefore, further investigation of initial condition estimation is only interesting
for the global identification approach.
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In the global method the SS form of the H-LPV OBF model structure can be used
to formulate an extended data matrix which involves the initial condition x(0) of the
model. The extended data matrix f@(,d is introduced as

Cx(0)
7, = : + Y, (9.56)
CAN=1x(0)

where Ty, satisfies @.47), i.e. it is the predicted output of th(qs;ge, 0,Bp) with
zero initial condition. By extending 6 with x(0) as parameters and including

[CT ATCT ...]7 into T,, estimation of x (0) becomes available through linear re-
gression. In the W-LPV OBF case, the extended data matrix is
W(p(0))x(0)
Y,(,d = : + ¥, (9.57)

W (p(Na)) AN (0)

Based on (9.37), simultaneous estimation of 6 and x(0) is a bilinear optimization
problem for the LS criterion. This optimization is solvable by the application of a
separable least-squares strategy (see [62]), however the obtained solutions are only
local minima or saddle points of the involved cost function.

9.3.5.9 (Quasi) LPV System Identification

There is an important aspect of the proposed identification methods if the data gen-
erating system is a quasi LPV system. For quasi LPV systems, generally, p cannot
be held constant, as the scheduling is an internal signal of the system like elements
of the state or output variables. Thus, for this case, only the global method is applica-
ble, as the local approach needs identification of the system with respect to constant
scheduling trajectories. Violation of the freedom of p, how this affects the previous
results and what happens in case p is influenced by noise are not well understood
phenomena and these questions are in the focus of current research.

9.3.5.10 Global versus Local Approach

As demonstrated both the global and the local approaches provide attractive ways of
identifying an LPV system an obvious question is when to use which approach. In
most situations the global approach is considered to be a more attractive candidate
as it provides estimation of the system with a varying trajectory of p, giving a better
possibility to approximate the global dynamic behavior of the system instead of just
the frozen aspects. As shown, estimation in the global case can be formulated in a
simple least-squares setting and cumbersome problems of interpolation are avoided
due to the fixed functional dependencies of the parametrization. The theoretically
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better understood behavior of the stochastic nature of estimation in the global setting
also suggests that it is a theoretically more sound approach than the local method if
informativity of the measured data set can be guaranteed in the application.

However, practical use of LPV identification on industrial problems often turns
out to favor different properties. In most practical applications, identification is must
be accomplished in a closed-loop setting due to instability of the plant or because
the current production can not be disturbed in the favor of identification. In terms
of the local approach, the well worked out methods of the LTI framework can be
fully used to solve the identification problem in a divide-and-conquer manner. This
implies that closed-loop identification is practically feasible via this approach. For
the global case, closed-loop identification in the general sense is not well worked
out even though some recent research directions are promising [210, 94, 28].

The use of frequency-based identification is also supported in the local setting.
The latter is important in mechatronic applications where the often tight model-
ing specifications with respect to the frozen behaviors are only available in the fre-
quency domain. Such specifications can often not be addressed in the global setting.
On the other hand interpolation can result in unexpected global behavior as the lo-
cal identification approach only focuses on the frozen behaviors. However, such a
drawback can be avoided by using data with varying p to assist the interpolation.

As a general receipt the use of the global approach is advised whenever there is
enough possibility to perturb the system for an informative data record and if the
model specifications are not given in the frequency domain. In other situations the
use of a local approach is advised due to its higher capability to meet the target
performance under the given information content of available data sets.

9.3.5.11 Similarity to Nonlinear Identification Methods

In Chap. [Tl it has been discussed that the attractive properties of truncated OBF
expansion representations inspired some identification approaches in the NL and
the fuzzy field. In order to position the developed approaches with respect to those
methods, i.e. to clarify the connection or dissimilarities, the following properties are
important:

e In the nonlinear case, the method of [63]] uses Wiener and Hammerstein type of
models where the LTI part is the linear combination of a filter bank of OBFs.
We have already shown that these models result as “special cases”of W-LPV and
H-LPV OBF models in the quasi-LPV case. In [139], the used model structure
contains fuzzy membership functions associated with a (Laguerre) basis function
in the filter bank.

e In our approach, the OBFs, the backbone of the model structures, are optimized
for S, while in the methods of and [63] they are assumed to be chosen by
the user.

e In [63], the LTI part is parameterized and estimated as a linear combination of
the chosen basis functions simultaneously with the estimation of the static non-
linearity. Similarly in [159], both the LTI part and the fuzzy part are identified
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together. In our approach, the parametrization is focused on the expansion coef-
ficients while the LTT part is fixed, thus the complicated estimation structure of
the fuzzy and NL methods is not required in this case.

e Both the proposed and the NL/fuzzy approaches use the least-squares criterion
for the identification of the system, however, the proposed LPV approach is sim-
pler as it solves the estimation problem via an analytic solution (linear regres-
sion).

9.3.6 Examples

In this section, the applicability of the introduced identification methods is shown
through three different examples.

9.3.6.1 SS Example with Invariant (A, B)

As a first example, consider an asymptotically stable LPV system &;, with an
MRss(S1) equal to

03 02 04 1
Ay Bi|_ |-01 02 02 1
Ciop 0| | 04 —-01 05 1}
2p  —p? sin(p) O
and P =[—1, 1]. Note that in this representation, only C depends on p and the under-

lying dependence is static. Using the poles of A to generate Hambo basis functions
@Y, the resulting OBFs satisfy with respect to §s, of Rss(S;) that Fs, C Span(®Y).
As only C depends on p and s, C Span(dbg ), the system lies in the model class of
the W-LPV OBF structure with these basis functions. Furthermore, the expansion
coefficients of Rgg(Sy) in terms of the basis functions <D§) have static dependence,
thus choosing the parametrization of the W-LPV OBF model with static dependence
still implies that the system lies in the model class. Based on the OBF set <D§) and 100
experiments with varying p, global identification of S with the W-LPV OBEF struc-
ture has been carried out in 100 Monte Carlo runs. In each experiment, a Ng = 500
sample long data record of the system has been generated, based on white u and
p with uniform distribution ¢/(—1,1). For each data record, a white output noise e
with distribution N/(0,0.5) has been added, which matches with the noise concept
of the prediction-error setting (see Sect. [9.2.1). The resulting signal-to-noise ratio
(SNR) has been 29.5 dB, while the relative signal-to-noise amplitude has been 26%.
Using the same conditions in the local case, Dy, , data records have been collected
100 times with constant scheduling points Py = {—1+40.27} iio- Based on these
data records, 11 local estimates of fgss(S) have been produced using an LTI-OBF
model structure with (Dg. The resulting “frozen” basis coefficients have been inter-
polated in each of the 100 cases. In both the global and local methods, a 2"4-order
polynomial-based parametrization has been used in the estimation of W (see
with y;j;(p) = p and n;; = 2).



264 9 LPV Identification via OBFs

Table 9.1 Validation results of 100 identification experiments by the global and local meth-
ods using the W-LPV and H-LPV OBF model structures in the considered examples. The
results are given in terms of the average MSE, BFR and VAF of the simulated output signals
of the model estimates.

Model Case MSE (dB) BFR (%) VAF (%)
W-LPV S local —94.99 99.84% 99.99%
global —62.35 98.54% 98.98%
H-LPV S, local —95.90 99.71% 99.99%
global —62.78 98.39% 99.97%
W-LPV S; local —~18.01 75.82% 94.12%
global —31.03 86.34% 98.23%
H-LPV S; local ~10.16 62.13% 85.69%
global —26.41 82.11% 96.18%

In the first row of Table the (in)validation results of the resulting 100 model
estimates are shown in both the local and global cases. The (in)validation results
are given in terms of average MSE, BFR and VAF of the simulated output signals
of the models (see Sect.[2.4) for realizations of u and p that are different from the
ones used during the identification. In Fig. a typical plot of the simulated output
signals and the resulting output-error of the models are presented. As expected, both
approaches identified the system with adequate validation results. This underlines,
that with respect to systems that are in the considered W-LPV OBF model class, both
approaches provide reliable estimates even in case of significant output noise. By
further investigating the results it is obvious that the global approach has produced
a slightly worse result than the local approach. Explanation of this phenomenon lies
in the much larger amount of data (11 - Ng) available in the local case.

9.3.6.2 SS Example with Invariant (A,C)

As a second example, consider an asymptotically stable LPV system S,, with an
MRss(S2) equal to the transpose of Rgs (S ):

[Az Bz] _ Al ¢

G o] |8 o]

Note that Rss(S1) and Rss(S>) are not equivalent. However, the OBF set @9 of
the previous example still satisfy that §s, C Span((Dg ) with respect to the frozen
transfer function set §s, of Rgs (S>). In this case, the true system lies in the model
class of the H-LPV OBF structure with the basis functions @ and with static co-

efficient dependence. By using the same setting of data sequeﬁces and local model
estimates as in the previous example, identification of S, has been accomplished by
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System output
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Fig. 9.4 Comparison of the identified models of S| by their responses for white u, p with
distribution 24(—1,1): Rgs(S) (black), W-LPV OBF local (grey), W-LPV OBF global (light

grey).

System output

0.1 T T

- 10 20 %0 a0 50 60 70 80 % 100
Fig. 9.5 Comparison of the identified models of S, by their responses for white u, p with
distribution U/ (—1,1): Rgs(S>) (black), H-LPV OBF local (grey), H-LPV OBF global (light
grey).

using the H-LPV OBF model structure with (Dg. The (in)validation results in terms
of simulation are shown in Fig.[0.3]and in the second row of Table[0.1] As expected,
both approaches identified the system adequately just like in the previous example.

9.3.6.3 10 Example

As a third example, the asymptotically stable LPV system S3 for which OBF se-
lection has been extensively studied in Sect. [83.3] is identified. Consider the 10
representation Rio(S3) defined by (817) and with P = [0.6,0.8]. Using the poles
obtained via the FKcM algorithm with fuzzyness m = 25 and n. = 8, a OBF set
@g has resulted, which has been found adequate for the truncated series-expansion
based approximation of the system. Using this basis function set and the proposed
identification algorithms, we show that quite accurate estimated models of the sys-
tem can be derived.

Based on (Dg and a 2"d-order polynomial-based parametrization of the coeffi-
cients, identification of S3 with both methods and structures has been accomplished
in 100 Monte Carlo runs. The used data sequences have been based on the same
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System output

Fig. 9.6 Comparison of the identified models of S3 by their responses for white (u, p) with
distribution (U(—1,1),4(0.6,0.8)): S5 (black), W-LPV OBF global (light grey), H-LPV
OBF global (grey).

System output
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Fig. 9.7 Comparison of the identified models of S3 by their responses for white (u, p) with
distribution (14(—1,1),24(0.6,0.8)): S3 (black), W-LPV OBF local (light grey), H-LPV OBF
local (grey).

setting and conditions as in the previous examples, only now p has been generated
with a distribution /(0.6,0.8). The SNR was 20 dB in the resulting data records
with a relative signal-to-noise amplitude of 25 %. Calculation time of the algo-
rithms was a few seconds on a Pentium 4, 2.8 GHz PC. In Fig. and and
in the last two rows of Table the (in)validation results are shown for different
realizations of u, p than used during the identification. As expected, the W-LPV and
H-LPV OBF structures based on coefficients with static dependence could not fully
cope with the variations in the {al}?:() parameters. However, the global W-LPV
OBF identification provided quite acceptable results for such a heavily nonlinear
system. The explanation why the H-LPV OBF structure gave a worse result lies in
the different approximation capabilities of these models. By computing the left-side
expansion coefficients of (8.17) in terms of the used basis, which corresponds to the
true coefficients of the system with respect to the W-LPV OBF model structure, the
resulting expansion coefficients have a dominant part with static dependence. This
means that a good approximation of the system can be found among the used W-
LPV OBF models with static dependence (both the parametrization and truncation
bias are small). On the other hand, the right-side expansion coefficients of (8.17) in
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terms of @g° have a dominant part with dynamic dependence. This means that the
parametrization bias of H-LPV OBF models with static dependence must be larger
than in the previous case. This implies that with the considered parametrization, W-
LPV OBF model structures are generally better for systems with a IO representation
where the dynamics are dominated by the variation of the {a;} coefficients, while
H-LPV OBF model structures are better for the cases, where {b;} are dominant.

In this example global methods prevail, because they have been able to capture
the transient dynamics of the system between frozen scheduling points of PP, while
in the local case the number of 11 local model estimates was not enough for correct
interpolation. By using N, > 11, the local method quickly improves. Note that in
the asymptotic sense (in Njoc) the local and global method converge to the same op-
timal model in the utilized model class. Extension of @g with n. = 1,2,... has not
improved the results as @ is well chosen with respect to S3, i.e. the local model-
ing error is negligible due to the optimal choice by the FKcM. Therefore, the error
in Table is mainly governed by the modeling error of the used parametrization
(©:33)). Using higher order polynomials in ¥ produces a 2-5% percentage improve-
ment in the results of Table but in order to achieve full representation with the
proposed models, incorporation of dynamic dependence on p is required.

9.4 Approximation of Dynamic Dependence

In the previous part, OBFs-based model structures have been introduced for the
identification of LPV systems, with the main intention to give flexible models that
are able to describe general LPV systems, simplify identification, are useful for con-
trol, and are unaffected by the difficulties present in the identification of LPV-SS or
IO models. It has been shown that to describe any LPV system, the coefficients
of the W-LPV and H-LPV OBF models, similar to the coefficients of other LPV
models, need to have dynamic dependence on p. We have motivated that dynamic
dependence presents an extra freedom of the parametrization and is not supported
by the existing control approaches. To overcome this problem, in Sect.[0.3] the coef-
ficients have been restricted to static dependence. This assumption led to a novel and
efficient identification approach of W-LPV and H-LPV OBF model structures based
on the LS criterion. However, the drawback of the assumption has also been pointed
out: it limits the class of representable LPV systems. In this section an alternative
of LPV truncated OBF expansion models and its identification approach is intro-
duced with the intention to improve the representation capabilities of the previously
considered model structures and parametrization, but without the use of dynamic
dependence. In fact the idea that we will apply is the introduction of an additional
feedback-loop around each basis component of the W-LPV and H-LPV OBF model
structures with a gain incorporating also static dependence (see Figures[0.8]and [0.9)).
In this way, the filter bank of OBFs as a dynamical LTI system is “reused”to provide
dynamic expansion coefficients. This implies that these modified structures can ap-
proximate a much wider class of LPV systems than W-LPV and H-LPV OBF mod-
els with static dependence. The introduction of feedback-based weighting leads to
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Static
weighting

V(p) p
Ui h
OBF Static
filter bank weighting

Fig. 9.8 10 signal flow graph of WF-LPV OBF models with feedback coefficients V =
[@1 - Un.n,] and output-side coefficients W = [ap; ... wy.n,] Without a feedthrough term.
All coefficients are considered with static dependence.

*MNe

two new model structures given in Fig. and [0.9] which we call Wiener feedback
(WF) and Hammerstein feedback (HF) LPV OBF models.

9.4.1 Feedback-Based OBF Model Structures

Again we consider the prediction-error setting of Sect. [9.2.11 Let (D,’L’ge be a set of
Hambo basis functions in RH,_ (E). Denote the input and output of each basis
function in cD,’;ge by ii;; and y;; satisfying:

¥ij = 0;(0)Gh (q)iij. (9.58)

Additionally, let (A;;,B;;,Cij,D;;) be a minimal balanced SS realization of each
basis function ¢ J-G,i3 and introduce A = Diag(Aoi, - -, An.n, ). Similarly define B and
C. Denote ii = [iio1 ... iinn, | and ¥ = [Yoi ... Ynen |- Then, the SS form of the
1O relation is

qx = Ax+ Bij, (9.59a)
¥y = Cx. (9.59b)

Note that this is a non-minimal SS representation, but it is needed to introduce the
feedback loops around each basis function separately (see Figures[0.8]and[0.9). Let
S be an asymptotically stable SISO LPV system with scheduling space P C R"P,
scheduling signal p, and 1O partition (u,y). Then the feedback model structures of
Figures[0.8and [0.9] are formulated as follows [193]:
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Static
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Fig. 9.9 10 signal flow graph of HF-LPV OBF models with feedback coefficients V =
(@1 -+ Unen,] and input-side coefficients W = [ap; ... wpy,s,] without a feedthrough term.
All coefficients are considered with static dependence.

e Wiener feedback LPV OBF model (WF-LPV OBF)

¥ij = 0;(Q)Gh(q)u — ¢;(0)Gh(q) i (p)3ij, (9.60a)
ne g

y=e+apo(p)ut Y, Y, wij(p)yij, (9.60b)
i=0 j=1

with p € Bp, where Bp is considered to be known and with

T
6:[74}00 w1 --- Wieng W1 - Uneng] G(’R,|np)l+2(”e+l)”g_

This model, given in Fig. is called the WF-LPV OBF model and denoted
by Mwr(Pye,0,Bp). As yj; is independent from e (u and p are assumed to be
deterministic), the one-step-ahead predictor in this case reads as

¥ij = 0;(qQ)Gh(q)u — 6;(q)Gh(q)vij(p)Vi) (9.61a)
ne g

So = woo(p)u+ Y, >, wij(p)ij. (9.61b)
i=0j=1

Denote W = Diag(uj, . .., @h.n,) and V accordingly and let E = [1 ... 1]. Then,
the SS equivalent of (0.61a-b) is given by

qx = (A—BV(p)C)x+BE u, (9.62a)
Yo = W(p)Cx+ ano(p)u. (9.62b)
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e Hammerstein feedback LPV OBF model (HF-LPV OBF)

iiij = wij(p)u— vj(p)9;(Q)Gi(Q)ii, (9.63a)
ne g .
y = e+apo(pu+ Y, Y, 0;(q)G(q)ij. (9.63b)
i=0 j=1

with p € Bp, where Bp is considered to be known, and with

-
O=1[wo w1 - Wing DI - Vneng ] G(R\np)l‘*‘z("e“)”g.

This model, given in Fig. is called the HF-LPV OBF model and denoted
by SDTHF((D,':;, 0,%Bp). As ii;; is independent from e, the one-step-ahead predictor
reads as

iiij = wij(p)u—vij(p)9;(q)Gy(q)iij, (9.64a)
ne g A

o = wo(pu+ Y, Y, 6;(q)Gi(q)i;- (9.64b)
i=0j=1

Following a similar formulation as in the Wiener case, the SS equivalent of

(©.64d-b) is given by

gx = (A—BV(p)C)x+BW(p)u, (9.65a)
Yo = ECx+ wyo(p)u, (9.65b)

Note that the weighting functions {w;;}, {z;;} are not necessarily equivalent in
(0.60a-b) and (0.63a-b). Thus similar to the previous case, these model structures
are distinguished in the sequel.

9.4.2 Properties of Wiener and Hammerstein Feedback Models

In order to show the importance of the introduced feedback based model structures,
their key properties are investigated in this section.

9.4.2.1 Representation of Dynamic Dependence

First, the representation capabilities of the feedback based model structures are dis-
cussed:

Property 9.1 (Representation of dynamic dependence). Let S be an asymptotically
stable LPV system and e RH,— (E) be a Hambo basis. Consider a Wiener-
feedback model thF(cpgg, 0,%Bp) of S with coefficients =;; and v;; having static

dependence. If mwp(cb,’;ge,e,%) is asymptotically stable, then its deterministic
part has a convergent series-expansion in terms of CD,‘;; . If there is a feedback co-

efficient v;; of Emwp(di,'l’ge, 0,%Bp) which is dependent on p, i.e. not constant, then
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the coefficients of the series-expansion have dynamic dependence, otherwise all ex-
pansion coefficients have static dependence.

Obviously the same property holds for the Hammerstein case. For a proof see Ap-
pendix[A.4] Note that in terms of Property[0.1} a WF-LPV or a HF-LPV OBF model
can be considered to be equivalent with a W-LPV or a H-LPV OBF model with
dynamic coefficient dependence. However, the converse does not hold in general.
Thus, through static weighting functions wjj,v;; € R|n, the feedback based OBF
models can approximate general LPV systems. It is trivial that such an approxi-
mation is more adequate than using W-LPV and H-LPV OBF models with static
coefficient dependence. In fact, those models are special cases of the WF-LPV OBF
and HF-LPV OBF structures. Equations (9.62a-b) and (9.65a-b) imply that the WF-
LPV and HF-LPV OBF structures can approximate static scheduling dependence in
the A matrix as well as static scheduling dependence in the autoregressive part, see
(0.60a-b) and ([©.63a-b). However, this improved representation capability comes
at a price, namely that due to the feedback, stability of the model is not internally
guaranteed like in the W-LPV or the H-LPV OBF case.

9.4.2.2 General Approximation Property

Based on the previous part, a WF-LPV or a HF-LPV OBF model can only approx-
imate and not represent an arbitrary LPV system S. So the general approximator
property does not hold in this case as it would require dynamic dependence of W
and V. However, these models have a series-expansion representation with coeffi-
cients incorporating dynamic dependence, thus they give better approximations of
general LPV systems than W-LPV and H-LPV OBF models restricted to have static
dependence.

9.4.2.3 Loss of Linearity in the Coefficients

The second price to be paid is that, by the introduction of the feedback loop, the
linear-in-the-coefficients property of the original series-expansion structure is lost.
The resulting predictors (9.61a-b) and (9.64al-b) are bilinear in the coefficients.

9.4.2.4 McMillan Degree Property

Due to the fact that the introduced feedback based structures are still based on trun-
cated series expansions, just like the W-LPV and H-LPV OBF models, they are well
structured against changes of the McMillan degree in the frozen system set .Zs.

9.4.2.5 Models for Control

The existing approaches of LPV control theory are also directly applicable for es-
timates with the introduced model structures. Through (9.62a-b) and (9.63a-b),
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immediate SS realizations of estimated models are available where all dependen-
cies are static. Opposite to the previous case, in and the resulting A
matrix is dependent on p, thus control design does not simplify for these models.
However, the specific structure of the dependence may be exploited during control
design. The resulting SS forms also have a trivial LFR realization if the coefficients
have polynomial or rational dependence on p.

9.4.3 Identification by Dynamic Dependence Approximation

In the following, an approach is proposed based on [193] for the identification with
the introduced WF-LPV and HF-LPV OBF model structures using the LS criterion.
This identification approach is the extension of the global method of Sect. Again
we consider the parametrization of each w;; and v;; as

Ny Ny
wij= Y 05w, wj= 65y, (9.66)
=0 =0

where {6} and {6} are real-valued unknown coefficients and y", ¥ € Rn;,
with yf =y = 1, are given orthogonal meromorphic functions with static depen-
dence. We also assume that no feedthrough term is present, wpg = 0, however later
the estimation of wyy is also investigated for the algorithm. Similar to the previous
case, the approach is formulated by assuming that the basis selection phase has al-
ready been accomplished, so we pick up the line of reasoning right after Step 2 in
Sect.[0.2.5.11

Similar to the global approach of Sect. the estimation phase of the
identification approach based on WF-LPV and HF-LPV OBF model structures
uses only one data set Dy, = {y(k),u(k),p (k) gial which is collected from
S with varying scheduling and it is assumed to be informative with respect to
the considered model structure. Note that due to the linear parametrization of
the coefficients, the unknown parameters {67} and {6} appear in a bilinear
relationship in the predictors (@.61a-b) and Mb). This implies that by using
the LS criterion (3.37) as an identification criterion with residual (9.13), the
minimization of can be tackled by a separable least-squares algorithm. In
each step of this iterative solution, either {67} or {6} is fixed, while the other
parameter set is estimated by linear regression. This iterative scheme is repeated,
till converges. The procedure for the Wiener case is given in detail as follows:

Algorithm 9.4 (OBFs based LPV identification, Wiener-Feedback case)

Step 3c.  Given an OBF set @j¢ = {¢; ]}’J::Ol',lf and data record Dy, of S. Pa-
rameterize each =;; and v;; of mb) according to where
v,y € R|n, are meromorphic functional dependencies chosen by the
user with yg = yj = 1. Collect these functions as
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Step 4c.
Step Sc.

Step 6c¢.

Step 7c.

=lwg vl Y=l vl
and also collect the real parameters, associated with the parametrization
(19.66), into the vectors:
w w w w T v v v v T
0 :[6010 051, --- 6, ] , 0 :[6010 Oy --- 6 ] .

NeNghy nengy

Choose a set of initial values for the parameters {Oi‘;-l}, like 6%, = 0.

Based on Dy, compute y = [y; j]i:() " via (9.60a) with respect to the

Jj=1..ng

OBF set (15,'l’ge
Estimate the parameter set {Ol‘j’l}ﬁggjl"l' /o by linear regression with re-

ne,Ng, iy

spect to fixed {Oi‘;l}izo i=1,1=0" This is done by defining the regressors
as

v (k) =3(k)@ ¥ (p(k)), ke[0,Ng—1]. (9.67)

Collect the data into

Ty =[70) .. yNa—1)]", Yy, =[0) ... yNa—1)]".

Then, to minimize the prediction-error criterion (9.44), the analytic so-
lution 6 is obtained via (9.43).

Fix {67} to é}\}d and estimate the parameters {6} in the following
iterative way. In each iteration step we calculate an update for each
65 = [6]j --- 67},,] and choose that estimate which gives the best im-
provement on the prediction error of the model. This is formalized in the
following steps:

1. For each basis function ¢; G{), compute

ne g

mzﬁw@—ZZwmmJ (9.68)
i =)

If w;;(p(k)) = 0 for some k, then do not consider those time instants

in the further procedure.

2. Collect each Jj;; into Y]\(,Zj ) and u into Uy, similar to Yy,. Let H;;

be the lower triangular Toeplitz matrix of the Markov parameters
associated with (4;},B;;,Cij):

0 0
CijBij 0
Hij: CijAijBij C,‘jB,‘j 0o ...|- (9.69)

Define
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Y% (k) =¥ (k) @y (p(k)), ke[0,Ng—1], (9.70)

and collect it into T; Ag] ), Then, based on (9.62a-b), it holds that

1) = HyjUn, — Hi Ty 67, (9.71)

where
PN _ [0 gy 460 (0] ! 9.72
N, = |9570) 9,7(1) ... Fg(Na—1)| (9.72)

is the predicted output of the basis function ¢;(q)Gj (q). Estimation
of 67 can be formulated as a linear regression, similarly as in Step
(ij ) f/ (is ). The regressor in this

case is H,]FAE' /) and the data matrix is H,JUNd ]5,;]).

6.c, to minimize the residual of ¥y

3. For each 6,‘;, compute the prediction error with only this element
updated in 67. Choose the él-‘;- which renders the smallest error and
only update the value of 6" with this element.

4. If the overall prediction error did not converge, then goto Step 7.c.1.

Step 8c. If the prediction error converged with respect to both {63} and {67, },
then stop, else goto 5.c.

In the HF-LPV OBF case, the identification procedure is similar. However, the
formulation of the regressor is accomplished differently just like in Sect. Based
n (9:63d-b), for x(0) = 0 and wpy = 0, the predicted output of the HF-LPV OBF

model Yy, = [§6(0) Fo(1) ... $o(Na—1)]T satisfies
0 0
) ECBW (p(0)) 0
Yng= | ECIA—-BV(p ( ))C]BW (p(0)) ECBW (p(1)) Ung-

By simple rearrangement it follows that

0 0
R ECBIu(0) 0 o x Ep E(l)g;
YNy = | EC|A —BV(p(1))C] BIu(0) ECBIu(1) lf
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Now similar to the global method of Sect. the formulation of the regressor
can be accomplished based on I:INd and the estimate of {Gi‘;l} follows via linear
regression.

The other difference occurs in Step 7.c.1 where, due to the Hammerstein structure
of the model, simplifies to

ne g
Vii=y—> XV 9.73)
k=0 I=1
ki 1]
Furthermore, (9.71)) is translated to
7 = Hy Oy —HyL ey, (9.74)
where
e .
0N = [y (p(0)u(0)  wr(p(1)u(1) .. wrj(p(Na—1))u(Ng—1)] .

The procedure can also be extended to estimate a direct feedthrough term in the
same way as discussed in Sect.

9.4.4 Properties

In the following important properties of the introduced identification approach of
WEF-LPV and HF-LPV OBF models are investigated. It is motivated that the sep-
arable least-squares estimation scheme is convergent and the obtained parameter
estimates are local minima or saddle points of the LS criterion.

9.4.4.1 Convergence of the Iterative Estimation Scheme

In the proposed identification scheme, the coefficients w;; and v;; are parameterized
linearly via ([@.66)), resulting in a set of unknown parameters {67} and {67 }. Due
to the bilinear relationship in which these parameters appear in the one-step-ahead
predictors and (0.64a), a separable least-squares algorithm is applied to
tackle the minimization of the LS criterion. It is a cardinal question if this iterative
scheme is convergent, i.e. is it guaranteed that the value of the LS criterion decreases
in each consecutive iteration step. In each iteration cycle of this scheme, one set of
the parameters is fixed, {6} or {6}, in order to form a linear regression based
estimation of the other set by minimizing the mean squared error of the residual.
This results in a steepest descend type of iterative optimization in the search for the
optimal LS prediction error. For such a separable least squares strategy, it is well
known that it is convergent and the convergence point is a saddle point or a local
minimum of the cost function [62]. The exact convergence point is characterized
by the initial choice of {Gi‘;.l} in Step 3c. The estimates converge to that point of the
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parameter space © whose associated region of attraction, based on the given data set,
contains the initial choice of {67, }. Similar to the numerical optimization schemes
of LTI OE or Box-Jenkins models, the global optimum of can only be ob-
tained by starting the iterative search from different initial values and comparing the
results [103].

9.4.4.2 Unstable Model Estimates

A further problem may arise in cases where the resulting model estimate is unstable,
even if S is asymptotically stable. This phenomenon is due to the fact that the feed-
back weighting is tuned on a particular, finite scheduling trajectory. As this feedback
tuning can be thought of as the reoptimization of the basis with respect to Dy, the
finite data length and the excitation capabilities of the input and scheduling signals
directly effect the estimation. Thus, even if the resulting model is stable with respect
to the scheduling trajectory in Dy, it is not guaranteed that it is stable for any other
p € Bp.

9.4.4.3 Practical Use and (In)validation

Local minima and the possibility of unstable model estimates do not necessarily cre-
ate problems in practice. If the resulting model passes the validation test it should
be an acceptable model [103]. The problem is that the only theoretically sound
(in)validation approach of the model estimates is based on simulation. By comput-
ing error measures of the difference of simulated and measured outputs, the qualities
of the model estimates can be compared. As is shown in the example of Sect.
the proposed method quickly converges in practice and provides a reliable estimate
of LPV systems.

9.4.4.4 Consistency, Variance, and Bias of the Estimates

In the previous section, the linear-in-the-parameter property of the used model struc-
tures in the one-step-ahead predictor enabled results on the consistency, variance,
and bias of the resulting model estimates. In the feedback case, the linear-in-the-
parameter property is lost, due to the bilinear relationship of the coefficients. Thus
the previously developed results do not hold in this case. In nonlinear system iden-
tification, there are many results on the consistency, variance, and bias of model
estimates obtained via different types of separable least-squares strategies. How-
ever, none of these results seem to apply to the considered model structures and
estimation strategies used here. Investigation of consistency, variance, and bias of
the estimation mechanism remains the subject of future research for the feedback
based model structures.
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Table 9.2 Validation results of 100 identification experiments with the Wiener (W) and the
Wiener Feedback (WF) model structures. The results are given in terms of the average MSE,
BFR and VAF of the simulated output signals of the model estimates. Subscript 1 denotes the
values of these error measures for simulation with multisine « and p and subscript 2 denotes
the case when uniform noise superimposed on multisines is used as an excitation.

LPV Wiener model
SNR MSE; (dB) BFR; (%) VAF; (%) MSE; (dB) BFR; (%) VAF; (%)

nonoise —18.23 85.39 97.84 —34.96 90.04 99.00
35dB —18.21 85.38 97.82 —34.77 89.92 98.99
20 dB —17.81 85.17 97.75 —32.75 88.69 98.71
10 dB —20.68 86.27 98.47 —31.81 87.73 98.19

LPV Wiener Feedback model
SNR MSE; (dB) BFR; (%) VAF; (%) MSE; (dB) BFR, (%) VAF; (%)

nonoise —31.32 94.04 99.55 —39.75 92.40 99.42
35dB —31.30 93.64 99.53 -39.17 92.15 99.39
20 dB —21.60 89.30 98.52 —35.01 90.06 99.00
10dB —22.60 88.44 98.98 —32.38 88.15 98.59

9.4.5 Example

In this section applicability of the WF-LPV OBF model structure and its identifi-
cation approach for the approximation of general LPV systems is shown through
an example. Comparison is made with the static-coefficient-function based Wiener
OBF model structure to show that by using the proposed feedback structure, better
performance of the model estimates can be achieved.

As in the previous case, the asymptotically stable LPV system &3 is considered
which has been studied in Sect.[83.3] The 10 representation of Sz, Rio(S3) is de-
fined by (817). This system has also been identified in Sect. by using the
basis functions set (Dg obtained via the FKcM algorithm with fuzzyness m = 25 and
ne = 8.

Here we aim at the identification of S with the WF-LPV and W-LPV OBF model
structures. To ensure fair comparison of the results, both model structures are used
with basis functions @g and the coefficients in W are parameterized as 2"%-order
polynomials in p. In the feedback case, the coefficients in V are parameterized as
3"_order polynomials. These orders have been found optimal after several trial and
error experiments. Identification of S3 with the global approach has been accom-
plished 100 times in 4 different noise settings with both the Wiener and the Wiener-
feedback model structures. The data records for each identification have been
generated by a white (u, p) with uniform distribution (¢/(—0.5,0.5),44(0.65,0.75))
superimposed on random multisines (3 sines with random phase in [0, 7] and fre-
quency in [0, £/5] and with overall amplitude of 0.5 and 0.05). The reason why this
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Fig. 9.10 Typical convergence plot of the prediction error in terms of (9.37) for the iterative
WEF-LPV OBF identification algorithm.

particular excitation has been used is explained later. For each data record the iden-
tification has been accomplished in a noiseless setting and also with additive zero-
mean white output noise with normal distribution and variance 662 =0.01,0.1, and
0.5. The resulting SNR has been 35 dB, 20 dB, and 10 dB, while the relative noise
amplitudes have been 7%, 25%, and 54% in average for the three noise cases. For the
02 = 0.5 noise case Ng = 1000, and in the other cases Ny = 500 samples long data
records have been used. In the iterative identification method, the feedback weights
have been initialized at zero. The iterative identification method converged in an
average of 14 iterations for the 4 x 100 runs. A typical convergence plot is given in
Fig. and the typical output trajectories of the resulting estimates are shown in
Fig. Calculation time for each data set has been approximately 2 minutes with
the WF-LPV OBF structure and only a few seconds with the W-LPV OBF struc-
ture on a Pentium 4, 2.8 GHz PC. In Table[0.2] the (in)validation results are shown
for multisine (u, p) with random frequencies and phases and also for uniform noise
superimposed on random multisine, similarly generated like the identification data.
As expected, both approaches identified the system with adequate average MSE,
BFR and VAF even in case of a heavy output noise, which underlines the effec-
tiveness of the proposed OBF identification philosophy. For all measures, validation
signals, and noise cases, the WF-LPV OBF model provided better estimates than
the pure static dependence based W-LPV OBF model estimate. This clearly shows
the improvement in the approximation capability due to the approximation of dy-
namic dependence with feedback-based weighting. Additional extension of <D§ with
ne = 1,2, ... has not improved the results as (Dg is well chosen with respect to S,
i.e. the local modeling error is negligible due to the FKcM (see Sect. [8.3.3). Even
in the SNR= 10dB case, the model estimates proved to be accurate, showing that
the proposed identification scheme is applicable even in the presence of significant
measurement noise.

It has been observed that by using multisines superimposed on the realization of
a noise sequence for the excitation of the system, the results have been better with
the feedback-based structures in the presence of output additive noise. Explanation
lies in the presence of the feedback gain of the model structure. In case significant
noise is present in short data records, it is possible that the feedback weights are
fitted to the noise process during the iterative optimization. By using multisines that
emphasizes certain frequencies in the input and the scheduling signal, this effect
can be attenuated. This underlines that much more understanding of feedback-based
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Fig. 9.11 Typical validation results of identified WF-LPV OBF (light grey) and W-LPV OBF
(grey) models in the SNR = 20dB case. The response of the true system is given in black.

OBF models, especially in terms of sufficient excitation, is needed to achieve high
quality model estimates.

9.5 Extension towards MIMO Systems

Next, we investigate how the developed approaches and model structures can be
used for identification in the MIMO case. We show that by different choices of
the basis (scalar or multivariable) different extensions of the previously studied ap-
proaches are available.

9.5.1 Scalar Basis Functions

The OBF expansion representation of asymptotically stable LPV systems has been
developed in Sect.[3.3in a general sense, using a set of scalar basis functions. This
implies that such a series expansion is also available in the MIMO case, result-
ing in a sequence of multidimensional expansion coefficients w;; € R"*"U. As a
consequence, the formulation of the W-LPV and H-LPV OBF model structures for
asymptotically stable MIMO LPV systems follows similarly as in Sect. and the
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MIMO W-LPV OBEF structure like or a MIMO H-LPV OBF model like
can be formulated with =;; € R"¥*""U. By assuming static dependence of these co-
efficients, identification follows by applying the algorithms of Sect. with some
extra book keeping due to the multidimensional input and output signals. Addi-
tionally, the basis selection algorithm of Chap. []is also applicable in this case, by
selecting the scalar basis with respect to the pole manifest set of the frozen MIMO
systems of S.

Note that a multidimensional p results in a multidimensional interpolation in the
local case or the use of multidimensional W (p) in the global case. Multidimen-
sional interpolation problems are hard to solve and they require many interpola-
tion points, i.e. many local experiments. Therefore, the global method is practically
better-applicable for large scheduling dimensions. Note that the global approach is
even applicable for significantly large scheduling dimensions which is an advan-
tageous property with respect to LPV subspace identification methods due to the
serious increase of block dimensions in such cases.

9.5.2 Multivariable Basis Functions

Due to the scalar basis sequence, it can happen that a MIMO series expansion con-
verges fast with respect to specific input-output channels, but quite slow for others
just like in the LTI case (see Sect.23). As a result, some elements of the resulting
coefficient matrices can have negligibly small amplitudes over all trajectories of the
scheduling behavior Bp. This implies that their estimation can result in a consid-
erable variance. To overcome this effect, series expansion of asymptotically stable
multivariable LPV systems can be introduced using a MIMO basis of RH," "V (E).
Again, the key idea is to use MIMO basis functions that are composed from scalar
basis sequences (see Sect.2.3):

oni(@) - Ding(q)
oi(q) == : : ; (9.75)
(Plnyl (q) s (PlnynU (q)

where each {¢;;}77 | separately corresponds to a basis of RH,_ (E). Then, in terms
of Th. an asymptotically stable LPV system, with respect to a given IO partition,
can be represented as

¥ = Wooplut 3 ((Wiop) & 6i(a)) ©.76)
i=0

where W; € R™*"U and © denotes the element-by-element matrix product. By
choosing the basis sequences appropriately, a fast convergence rate can be achieved
for each IO channel. The basis selection can follow by the OBF selection procedure
of Chap. [l with respect to each input-output channel separately. This means that the
method is applied for a set of pole samples that are associated with the set of SISO
systems describing the frozen behavior of S restricted to the considered 10 channel.
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As a next step, we formulate these model structures for a given MIMO basis se-
quence @, = {qﬂi}?zl composed from these scalar elements. Note that, in this case,
each basis sequence {¢y;;};, is generated with a different inner function, thus @,
denotes the first n functions in each sequence.

e MIMO Wiener LPV-OBF model, My (D, 0, Bp)

G(q,0)0p=Woop+ Y. (Wiop)®di(q), H(q,0)=1, (9.77)
i=0

where W; € R™*"U and e in this case is a vector of independent zero-mean white
noise processes. The parameter vector of the coefficients is

0=[wo W, ... W,] . (9.78)

In this case, the one-step-ahead predictor is formulated as

Fo = Woop)u+ Y, (Wiop)®i(q)) u. (9.79)
i=0

Let E=[1 ... 1]" and introduce y; : Z — R™*"0 defined as y; = ¢;(q) ® (Eu").
These signals are the multidimensional counterparts of the output signals of the
filter bank part of the model structures in the SISO case (see Fig.[0.2).

e MIMO Hammerstein LPV-OBF model, My (P, 0,Bp)

n

G(q,0)op=Woop+ Y, ¢i(q)© Wiop), H(q,0)=I, (9.80)
=0

where W; € R"Y*"U, The one-step-ahead predictor is formulated in this case as
1l ~

Yo = Woop)u+3, (9;(a) © (Wiop))u. (9.81)
i=0

Additionally, the multidimensional i; : Z — R"Y*"U (see Fig. are introduced
as ii; = (Wiop) ® (Eu').

By assuming static dependence of the matrix coefficients {W;} and introducing
a parametrization of {W;} in terms of linear combination of predefined orthogonal
functions: .
W= 60w (9.82)
1=0
where 6; € R"*"U and y; € (R|,;)"Y "V, identification follows by applying the
algorithms of Sect. with an extended matrix regressor ¥y and a stacked out-
put record Yy, formulated as Yy, = [y1(0) ... Yuy, (0) y1(1) ... yuy (Na—1)]7. All
results in this case about consistency, bias, variance, etc. obviously extend to the
MIMO case.
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9.5.3 Multivariable Basis Functions in the Feedback Case

In case of the feedback structures of Sect. the MIMO version of the model struc-
tures based on a given MIMO basis sequence @, composed from scalar elements
can also be formulated.

e MIMO WF-LPV OBF model, Mwr(®,, 6, Bp)

Vi = 0i(q) © (Eyu") = di(q) © (Viep) O Fi (9.83a)
y = e+ (Wooplu+ Y ((Wiop) ©¥i)Eu, (9.83b)
i=0

where Ey € R, Ey = [1 ... 1]" and E, € R", E, = [1 ... 1]". Furthermore,
each y; : Z — R"*"U is a multidimensional signal, W;,V; € R"™*"U and e is
a vector of independent zero-mean white noise processes. Again as each y; is
independent from e, the one-step-ahead predictor reads as

n

$o = Woop)u+ Y, ((Wiop) ©¥)Eu, (9.84)
i=0

e MIMO HF-LPV OBF model, Myg(P,, 0, Bp)
i = (Wiop) © (Eyu') — (Vio p) © §i(Q) © i, (9.85a)

y=e+Woopu+ . ($:i(q) i) Ey. (9.85b)
=0

where each ii; : Z — R™>"U is a multidimensional signal, W;,V; € R"Y*"U_ The
one-step-ahead predictor reads as

$o = Woop)u+ Y, (di(q) ©ii;) Eu. (9.86)
i=0

Assume that each element of the coefficient matrix functions of these structures is
parameterized as a linear combination of functions with static dependence. Then the
specific structure of the used MIMO forms enables the application of the separable
least-squares algorithm for the estimation of the coefficient functions. Note that the
crucial point of the algorithm is the propagation of the error backwards to the output
of a basis function (see (9.68) or (9.73)). The propagated error can be computed
for each element of the basis-function matrix separately. Each OBF has a separate
feedback via or ([0.834), thus re-optimization of each feedback weight on an
output channel can be done in parallel.

9.5.4 General Remarks on the MIMO Extension

Similar to the LTI case, OBFs based identification of MIMO LPV systems has a
much larger freedom than the LTI case. There are different approaches that can be
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applied to derive a MIMO basis expansion, to formulate MIMO version of W-LPV
and H-LPV OBF models, and to develop identification algorithms that can deliver
the estimate. We have taken here specific choices in order to be able to apply the
introduced estimation mechanisms of Sect. and[9.4] without any modification or
reformulation. However, there are numerous possibilities that may be interesting for
further investigation. For example, by considering left or right side placement of the
expansion coefficients for specific IO channels, like mixing the structures of H-LPV
OBF and W-LPV OBF models, or using other formulations of MIMO orthonormal
basis functions, like presented in Sect. 2.3

In conclusion, it can be stated that the introduced identification approaches can
directly be applied to MIMO LPV systems without the need of any modification or
further assumptions. This implies that the proposed identification scheme in terms
of model structure selection, parametrization, and estimation offers an effective and
easily applicable identification method for a wide variety of LPV systems.

9.6 Conclusions

In this final chapter we have extended the classical prediction-error setting to the
LPV framework. Using this framework and the concept of LPV series expansion
we have introduced discrete-time OBF based model structures and identification
methods of LPV systems. Our purpose was to establish a well understood frame-
work of LPV identification and to introduce an efficient LPV system identification
approach which benefits from the attractive properties of truncated expansion model
structures.

Due to the absence of a transfer function type of description in the LPV case,
we have seen that the behavioral theory and the series expansion representation of
LPV systems were crucial ingredients in order to formulate the extension of the
prediction-error framework to the LPV case. The process and noise models were
formulated based on their impulse response presentation which made it possible to
establish the one-step-ahead predictor in the classical sense, under the assumption
that the scheduling variable is a deterministic signal.

We have shown that using truncated OBF-expansion models it is possible to ben-
efit from a number of attractive properties both in terms of local and global type
of LPV system identification. Beside the simple linear regression based estimation
schemes it has been also shown that the introduced structures can approximate any
LPV system with arbitrary accuracy if the coefficients have dynamic dependence.
Furthermore, these models are not effected by changing McMillan degree of the
frozen aspects of the LPV system, which represents a significant difficulty for the
identification of other type of LPV model structures. We have motivated that the
introduced models are effectively applicable for control as they have a direct state-
space realization, however to satisfy assumptions of the control approaches, their
coefficient dependencies must be restricted to be static. The introduced approaches
have also been analyzed in terms of variance, bias, and consistency.

To enable the estimation of truncated expansion models with dynamic coeffi-
cient dependencies, but at the same time still provide applicable models for control,
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feedback-based OBF model structures have been proposed in Sect. It has been
shown, that by using static dependence, the introduced model structure is equiv-
alent to OBF expansion models with dynamic coefficient dependencies. For the
identification with such feedback-based model structures, the previously developed
global approach is extended, formulating the parameter estimation through a sepa-
rable least-squares approach. Finally, in Sect. the extension of the introduced
approaches to MIMO systems is investigated. It has been shown that for OBF mod-
els, based on MIMO functions composed from scalar basis sequences, the developed
approaches and results are applicable.

We can conclude that we achieved our primary objective, giving an alternative,
practically applicable approach for identification of LPV systems as models of an
underlying physical process. On the other hand we left many open problems in terms
of the whole identification cycle in the LPV context. These provide ample food for
thought and objectives of future research.



Appendix A
Proofs

Abstract. In this appendix, the proofs of the theories and lemmas of this book are
presented. The proofs relay heavily on the notation and concepts introduced in the
previous chapters.

A.1 Proofs of Chapter[3

A.1.1 The Injective Cogenerator Property

Proof. The concept of the proof is based on [239]. Let R.. = RU {—o0,00} and
denote by Q,, all maps from (R,R") to R. bounded almost everywhere on R”,
i.e. for each w € Q, there exists a set S(w) C R”" such that w € REXR"\S(%)) and
S(w) has a measure 0. The set Q,, is a real vector space for each n € N. Denote by
Q,, C Q, the set of all w € Q,, for which there exist ar € R and xy,...x, € R such
that w(t,xy,...,%,) # w(t,x1,...,%,1,0). Denote @ = J,cry On- Q is an (additive)
Abelian group.

Consider a R € R[E]""W with P = R"P. Fora w € Q, R® w = 0 means that any
(w,p) € LL°(R,R"™ x R") satisfying

w(t) = w(t,[p(t) 4p(t) Sp() ...D) (A1)

for all k € 7Z with p being smooth enough, also satisfies (R(;) op)(t)w(t) =0
weakly for all 7 € R\ K(w, p), where K(w, p) = {t € Z | [ p(t) §p(t) (‘fzp(t) RS
S(w)}. As S(w) has zero measure, this means that there exists a (w,p) €
L£l°(R, R x R") satisfying (A such that (R( ) o p)(f)w(t) = 0 holds weakly
for all r € R. The set B, given as B, = {w € Q"W | R® w = 0}, is called the
complete solution space of the linear system of PV differential equations (KR-
representation) (R(i) o p)w = 0. Note that the behavior B of R (see Def. B.10),
contains the set of trajectories (w, p) that satisfy w € 9B,, while B, describes the
relationship of the trajectories containing the descriptions of possible solutions that
are excluded from B due to the singularity of the coefficients in R.
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Let M, € R[] and M, € R[E]"™ "W be unimodular matrices such that
(333) is the Jacobson form of R with Q = Diag(1,...,1,r) € R[E]"*" and 0 #
r € R[&]. It can be shown (see [188]), that (R(§) o p)w = 0 has the same
solutions as

R(C

(M ; dr

SR epw= (2

)op)w=0, (A2)

so there is an isomorphism between solution spaces

B, 2B, :={wecQV|[Q 0]®w=0}, (A.3a)

w— @ =M, (q)w, (A.3b)

where w; =0 fori € {1,...,n— 1} and r, ® @, = 0. Introduce Mg = Moduler ¢ (R)
as the left module in R[E]"*"W generated by the rows of R € R[E]"™*"W. Then

B, = HOInR[,g] (Mg, Q"W), (A4)

which corresponds to the so-called Malgrange isomorphism. Explicitly, (A.4) as-
signs to each w € B, the linear map ¢, : Mgr — Q defined by ¢, ([r]) := r(q)w
where [r] denotes the residue class of r € R[] in M, and the well definedness
of ¢,, follows from

[ri] = [r2] — r1—r2€SpanR*(R) — ri(q)w = ra(q)w,

for all w € B, which also implies that Q™" = Homgjz)(R[£]""", Q""). Con-
versely, for a linear map ¢ : Mp — Q one defines w; := ¢ ([e;]), where ¢; is the i-th
natural basis vector of R[E]!*"W. Then we have

o([r) = o ([T riei]) = X0 (@) 9 ([ed]) = T ri(q) s = r(q) w.
Due to (A.), the above equation implies an isomorphism of left modules:

Moduleg ] (R) = Moduler £([Q 0]), (A.52)

[r] = [rMa]. (A.5b)

Let My, M3, M3 be left modules in R[E]""™ and let ¢y, : M| — M; and
@23 : My — Ms be linear maps, i.e. left module homomorphisms. Then

M 23 Mo 2B M, (A.6)

is exact if im(@;2) = ker(¢3). The same notion can be used if M, M;, M3 are
Abelian groups and @1, ¢23 are group homomorphisms. Then Q is called an injec-
tive cogenerator if the sequence

M — My — Mj, (A.7)

is exact iff the sequence
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Homp g (M1, Q") <~ Homp g (M2, Q") « Homgg) (M3, Q")

of Abelian groups is exact.

For injectivity, one needs to prove according to Corollary 3.17 of [92]: For every
0# R € R[£] and every w, € Q, there exists a wy € Q such that R® wy = wy. Let
R(&) = ZEO ;&' be given with rn; # 0. 1f ng = 0, there is nothing to prove. Since
‘R is a field, assume that 7, £ = 1. Then R ® wy = wy can be rewritten as a first-order
system

d
(rx,ldt+rx,o)®wx:ru®%, (A.8)
ng—1
where wy = [wy ... ;,,i,lwyr,rm:],ru:[o ... 0 1]T €R™ and
0 —I ngXn :
0=, e R with ro=1[r ... r]. (A9)
, —

Let S(R) denote the discrete set of singularities of the meromorphic coefficients
ri in R. Let S(wy) := S(wy) US(R) which is still discrete. Hence, R\ S(wy) is a
countable union of open intervals /; € R" and on each ; it holds that Ry and =, are
bounded. Therefore there exists a bounded solution wy : (Z x I;) — R to (A8) on
each I;. By concatenating them, one gets a solution =y, € Q" and thus wy € Q.

For the cogenerator property, it has to be shown that if for some R € R[],
R ® wy = 0 has only the zero solution, then this implies that R € R and R # 0.
Assume the contrary and let Deg(R) = ng > 1. Then one can rewrite R® wy = 0
as iwx = —7x,0 ® wy like in the previous part. Let S(zy) = S(R), then on each of
the intervals /;, the solution set of this homogenous equation is an ng-dimensional
subspace of (R"¢)®*/i in particular there exist non-zero solutions. By concatenat-
ing them, we get a non-zero solution =y € Q". If wy = wy,) was identically zero,
ng—1
then wy = [wy ... d,,i_l wy]"

would be identically zero which leads to a contra-
diction. The same proof can be given in discrete-time with minor changes due to the

difference in the solution spaces and the Jacobson form (see for the details).[]

A.1.2 Existence of Full Row Rank KR Representation

Proof (Theorem 3.2). Consider a continuous-time Rk (S) with R € R[],
P = R"P, and represented behavior B. Without loss of generality, let R # 0 as the
behavior B = /.111‘” (R,R"™ x R"P) for R = 0 can be represented by the empty matrix
which is full rank by convention. Let M; € R[E]"*" and M, € R[E]"™*"W be uni-
modular matrices such that (3.33)) is the Jacobson form of R in terms of Theorem[3.1]
with Q = Diag(1,...,1,r) € R[] and 0 # r € R[&]. Partition M;' =W W, T
according to the partition of the Jacobson form. Since M is unimodular, the solution
space of (R(;)op)w = 0 is equal to the solution space of (M; ((ft )R(;)op)w =0
(see the previous proof in Sect. [A_T1). Thus R'(&) := Q(&)W; (&) also represents
‘B in an almost everywhere sense, i.e. for all trajectories of p € %6, for which the
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coefficients of R’ are bounded, and Rank(R’) = n. For the DT case, the proof anal-
ogously follows only the formulation of the Jacobson form and the definition of
solution spaces are different. (]

A.1.3 Elimination Property

Proof (Theorem[3.3)). Based on the proof of the injective cogenerator property, con-
sider

B, = {w e Qmw | Jwy, € Q" s.t. Rw®w:RL®wL}, (A.10)

where Ry € R[E]"™ "W and Ry, € R[E]"™* " define an LPV latent variable repre-
sentation in the form of with P = R"F, Then showing that B, has a kernel
representation is equivalent with showing that the manifest behavior of has a
kernel representation in an almost everywhere sense. Define the left kernel of Ry, as

Kergz(RL) = {r € RIE]"™ | r(E)RL(E) =0}, (A.11)

which is a left submodule of R[Ej] Ixnr Thus, it is finitely generated, i.e. there exists
a Q € R[] such that Imgr ¢ (Q) := {r(§)Q(E) | r(§) € R[E]*) is equal to

Kerg¢)(RL). Then we have an exact sequence

RIEI B RGN B R[] (A12)
and therefore the sequence Q" 2@ (o R Q" is also exact. This signifies that
Rw(q)w € Imgg(RL) := {RL(q)wL | wL € Q™ } iff Rw(q)w € Kerg(Q), i.e. B, =
{w e Q" | ORw ® w = 0}. O

A.1.4 State-Kernel Form

Proof (Theorem[3.4). The concept of the proof is based on [1533]]. To simplify the
discussion, we prove only the so-called Markovian case as the state case follows
trivially from this concept due to the linearity and time-invariance of LPV systems.
We call the continuous-time LPV system S = (R,P,W,B) Markovian, if for all
pEBp

(wi,w2 € B,) A (wi,wy continuous at 0) A (w(0) =w2(0)) = (wi /O\wz) €B,.

In case of a discrete-time S, i.e. T = Z, the definition is similar except continuity
of wy and w; is not required at 0. In the following we prove that S is Markovian iff
there exist matrices rg,r; € R"™*"W such that B has the kernel representation:

row+riEw=0. (A.13)
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For the sake of simplicity we consider only the continuous-time case as the DT
case follows similarly. For T=R, £ = i and the “if” part is trivial. To show the
“only if” case, assume that a KR representation of S is given with R € R[E]"™"w
for which the solutions of (3.24) satisfy the above given connectability condition.
Without loss of generality it can be assumed that R is full row rank. Also, there
exists a unimodular M € R[] " such that R'(&) = M(E)R(E) is in a row reduced
form, meaning that the matrix formed by the coefficient functions of the highest
powers in & of the rows R'(£) has full row rank. Due to the fact that M is a left-side
unimodular transformation, the behaviors of R and R’ are equivalent.

We now show that Deg(R’) = 1. Assume the contrary and write R’ in the IO form:

d d
Jopwi = (Ra( ) op)wa, (A.14)

(Rl(d dt)

where Col(wy,w;) = w corresponds to an 10 partition and Deg(R;) > Deg(R5). The
assumption that Deg(R’) > 1 implies that Deg(R;) > 1. Similarly, the assumption
that (R'( 511 )o p)w = 0 is Markovian implies that (R; (511) o p)wy = 0 is Markovian.

Now let w;,w{ be the solutions of (R (§ )< p)w; = 0 fora p € Bp with w|(0) =
w/{(0). Since (wy,w) is an IO partition of S, thus Col(w/,0) and Col(w/,0) are also
solutions of (R’(éit )o p)w = 0 and due to Markovian property, they are connectable.
This implies that in order to obtain contradiction it suffices to prove contradiction
for autonomous systems. Let ng = Deg(R;) and by assumption ng > 1. Introduce
auxiliary variables y;; defined as

di

wiji= Wi (i) e IF xI}", (A.15)

where w = [wj ... wp, ] . Collect these variables in a column vector

o o o o o T
W:[W()l wo2 .. Wony WIL - W"g"w] . (A.16)

Now consider the system with latent variable w as

d
dth/ = (rop)w, (A.17a)
wj =Wy, VjelV. (A.17b)

where the coefficient r € R"&"7)*("&"W) is determined from the coefficients of
Ry (&) and the definition (AJ3). The manifest behavior of (AI7d) is equivalent
with the manifest behavior of R; (&), which can be checked by elimination of the
latent variables of (A.I7a-b). However, the manifest behavior can not be Marko-
vian as (A-T7d-b) has exactly one solution (w, ) for each initial condition w(0) and
scheduling trajectory p € Bp. This contradicts Markovianity, since two solutions
(w,w) and (w',w") with v0o;(0) = p,;(0), Vj € I[" cannot be connected unless also

Wi(0) = ,,(0), W(i, j) € T} x I, .



290 A Proofs

A.1.5 Left/Right-Side Unimodular Transformation

Proof (Theorem B & [3.8). First consider the left side transformation. Let R €
RIE)™ ™ and R' € R[E]"" and P = R". Based on the proof of the injective
cogenerator property, consider B, and 9/, as the complete behaviors of R and R’
Then the inclusion B/, C 9B, can be expressed as an exact sequence

0— B, —B,, (A.18)
which is equivalent to the exact sequence
0 — Moduleg ] (R) — Moduleg ¢ (R). (A.19)

Equivalently, we have Spang” (R') O SpanR” (R) or R'(§) = Q(&)R(&) for some
0 € RIEP™™. If B, = B, then R'(E) = 01(E)R(E) and R(E) = 0a(E)R'(E),
which shows that R and R’ has the same rank. If additionally, R and R’ are full
rank, then this implies that Q; = Q;, ergo QO and Q, are unimodular. As the com-
plete behaviors are equal therefore this implies that the behaviors of R and R’ for
each commonly valid trajectory of p are equal.

Consider the right side transformation. Based on the proof of the injective co-
generator property, there is a homomorphism between the the complete behaviors
of R(§) and R'(&) = R(&)Q1(&) and also between R(E) = R'(£)02(€) and R'(§).
This implies that if Q| = Q;, ergo QO and O, are unimodular, then there exists a
isomorphism between the behaviors. ([

A.2 Proofs of Chapter[3

A.2.1 LPYV Series Expansion, Pulse Basis

Proof (Theorem[3.1). Let S = (Z,P C R™ R"W B) be a discrete-time LPV sys-
tem. Assume that S is not autonomous, i.e., in terms of Def. B.11] S has an IO
partition which can be non-unique. Denote the scheduling variable of S as p. For
a given IO partition of S with output dimension ny and input dimension ny, an 10
representation of S is characterized by the polynomials R, € R[] *"U and full
rank Ry € R[E]"™"Y. Among the IO representations that belong to the equivalence
class of S for this 1O partition, there exists a subset of representations where Ry and
R, are coprime. Those representations are called minimal (see Def. 3.28). Among
these minimal representations the representation with monic Ry is unique. Consider
this unique, minimal 10 representation of S and denote its polynomials with Ry and
R,. Then the dynamic relation reads as

na—1 ny,

q y+ Y (aiop)dy =" (bjop)q’u, (A.20)
i=0 Jj=0
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where a; € R"™"Y and b; € R™*"U are the coefficients of Ry and R,. Due to
the maximum freedom of u in the IO partition, it holds that Deg(Ry) = ny > ny =
Deg(Ry).

Assume that S is asymptotically stable. Multiply the expression withq™"
which according to the non-commutative multiplication rules in discrete time (see
Def. results in

ng—1

y=— z (‘cz_l.(na) Op) q "y + i} (I(J_j(na) Op) q/ ", (A21)
j=

i=0

where . ("2) denotes the backward shift operator applied on the coefficient function
for n, times. We call (A&.21)) the filter form of (A.20). Now substitute g~y in (A21)
by the left-hand side of (A2} multiplied by q~!. This results in the following ex-
pression:

y = _m(na) (_nil ( (nd-&-l)op) qt 1- “ay | an ( : n“+1><>p) qj_l_""u>

i=0 J=
- Z ( ) . "“HZ( ) iy, (A22)

Notice that in (A.22)), the smallest time-shift of y has the order of —2 and that all co-
efficient relations with (A.21) are uniquely determined. Note that represents
B restricted to signals y and u with left compact support. Thus, by applying this pro-
cedure recursively on q~2y, q~3y, etc., there exists a n € N for every (u,y,p) € B
such that y vanishes after substitution of q~"y. This yields that the recursive proce-
dure results in a Laurent-like series expansion of (A.20).

Denote by g; the resulting expressions of the coefficients of Ry and R, associated
with each q_iu in (A.22). It is obvious that g; € R"V*"U, However, it is not obvious
how this coefficient sequence behaves for increasing i and if it is convergent or not.
As a next step, we investigate this property.

Due to the asymptotic stability of S, it holds that for all p € Bp and k € Z

lim (g; o p) (k) = 0. (A.23)

Otherwise there exists a kg € Z, and an input signal

1, if k=ko;
u(k) = {07 else. (A.24)
such that the associated output trajectory y in terms of the IO representation does not
converge to the origin when k — oo, which contradicts with the asymptotic stability.
This implies that
lim(giop) =0 Vp € Bp, (A.25)
[—ro0
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meaning that the coefficient sequence of the expansion converges to the zero func-
tion on Bp. In this way, the limit of the function sequence {go,g1,82,...} can be
considered zero.

Asymptotic stability of S also implies global BIBO stability in the £., norm:

sup [[u(k)[| <o = sup [[y(k)|| <ee.
k>0 k>0

In the view of global /., BIBO stability, the resulting series expansion form satisfies

sup [|y(k)|| = sup [ (go© p)(k)u(k) + (810 p) (k)u(k—1) + ...,
k>0 k>0

forall (u,y, p) € B. As sup;~ [[u(k)|| <o and sup;~q [|[y(k)| < oo, the above equa-
tion implies that

sup Y, [|(giop)(k)|| < oo, (A.26)
k>0 j=0

for all p € *Bp. These properties prove that

=

y=> (giop)q 'u, (A.27)
i=0

exists and it is satisfied for all (u,y, p) € B with left compact support. In this way, an
asymptotically stable discrete-time LPV system has a unique, convergent series ex-
pansion in terms of the LTI pulse basis {1,q~!,q~2, ...} with expansion coefficients
in R, O

A.2.2 LPV Series Expansion, OBFs

Proof (Theorem [3.2). To simplify the discussion consider the SISO case as the
MIMO case analogously follows. In the LTI theory it is proven that any pulse ba-

sis function q~', i > 0, has a unique series expansion in terms of an arbitrary basis
sequence @, = {¢;}7> | in RH,_ (E) [73]]. This implies that

qfl Wi W2 Wiz 01(q)
q? W W w3 ... | | $2(q)

q 3| = |wn wn wi ... | |#3(q) | (A.28)

where w;; € R, i, j € I, are the expansion coefficients. It holds for all i € I, that
the sequence {w; j};c:l is an £, sequence [[73]. The same property also holds for each
sequence {w;;}7 ;.

Based on Th.[3.1] there exists a pulse basis series expansion of any discrete-time
asymptotically stable LPV system S = (Z,P,W,9) with IO partition (u,y). This
series expansion can be written in the form of
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a4 ]
q
q’

y=gou+([g1 & & ...]op) u, (A.29)

where g; € R, i € I7. Now by substituting (A into (A29) it follows that

o]
(0)
y=gout([w wr ws ...]op) | g, |u (A.30)

where

Wil W2 W3
W2l W22 W23 ...
[wl wh U ...]:[gl g 83 ] Wil Wi W33 ... |- (A31)

Due to the fact that {g;};>; converges to zero and it satisfies (A.26)) for all p € Bp
and each {w;;}7, is an /, sequence, each w; € R"Y*"U is unique and well defined.
On the other hand, convergence of each {w; ]} ", to zero implies that

lim(wjop) =0 Vpe Bp, (A.32)
[—soc0
meaning that the new coefficient sequence converges to the zero function on Bp.
This provides that (A.30) is a unique, convergent series expansion of the asymptot-
ically stable LPV system in terms of @, C R’H,_ (E). As in the considered system
class any system has a convergent series expansion in terms of the pulse basis, there-

fore any of these systems has a convergent series expansion in terms of an arbitrary
@, C RH,— (E) basis. O

A.3 Proofs of Chapter (8

A.3.1 Optimal Partition

Proof (Theorem[8.1)). The proof is given in an alternating minimization sense. First,
fix V and define Jy, (U) = Ju(U,V), for U € UY=. Since the membership values
(W] of zj to the fixed clusters are not depending on the memberships of other
data points, the columns of U are degenerate to each other (decoupled) in the mini-
mization of J,, (U), therefore:

min J, (U) = mln max Z/.led,k = max nnn Z/.led,k (A.33)
U= vely? kel kell® veuz i=
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Denote f,,(lk)(U ) = X, ujtdi. To introduce the constraints U,],\;Z, the Lagrangian
Ay (6,U) of A,,(f)(U) is defined for each k € I}* as

Ac(8e,U) = 3 pigdi — & (( Zu,-k) - 1) : (A34)
i=1 i=1
Assume that S(V,z;) = 0, then (, U) is a stationary point for A, only if

d

_ Nz e XNz

forall k € HIIVZ. Setting all of these gradients equal to zero yields that

8Ak 5k, 2 p 1= (A.362)
9Ak (51«’ ) _ i dy — 8 =0, (A.36b)
I Uik

for every k € H11Vz and i € ]I’f“. From (A.36b), it follows that
&\
e — ( k ) | (A37)
md,-k

Moreover, by substitution of (A37) into (

1 1
e 6k) m—1 ( 1 ) m—1
0= —1 A.38
Ei (m s (A.38a)

1 —1
5")’” (S ( ! )m_l A.38b
<m (12{ dik ’ (A.380)

If (A38D) is substituted back into (A37)), then

ik = (4)" - (A.39)

1 1
E 1 m—1 E di \ m— 1
dij diy

=1 =1
In this way we have proved that in a local minima of J,,,(U, V), all i have to satisfy
(8.11d). If S(V,z;) # 0, then (A.39) is singular. In this situation, choosing ; as

given by (811d) results in A (U) = 0, because the non-zero weights are placed
on zero distances, while positive distances with nonzero weights would increase
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Jﬁ,(nk) (U), contradicting minimality. As the zero-distances can have arbitrary weights,
for the shake of simplicity equal weights are considered fulfilling 8.11a). Note,
that such a singularity hardly occurs in reality, since machine round-off prevents its
encounter.

To establish §ITH), fix U € U= and define J;, (V) = J,,(U,V). Minimization of

Jm (V) is unconstrained on D' and it is decoupled for each v;. Therefore

min J, (V) = min g@g Z updy = Z Vfgﬁ%c’( ‘v, (A.40)

where Jv,,(f>(V) = max, v, 1 di, depending only on v;. This means that
1

v = argvrgﬂlj){}cJ( ') = arg min ma upidy. (A41)

Optimization (A1) can be formulated as a matrix inequalities constrained mini-
mization problem. Denote

y=J (V)= max fldy, (A.42)
ke H

then the solution of (A.41)) can be obtained by solving

minimize ¥ >0,

Zr—V
lzl)

v e D.

subjectto  pj <wv, Vke ]Ijlvz,

The constraints of this minimization can be written for each k as

k —
-z
2 )

u7" |z — vl |1—zZv\ <7 (A.43b)

m

Hik <% (A.43a)

From the Schur-complement of (A.438) it follows that (A.43d) holds iff

1 —zpvf? H-’;’!(Zk—v)] N
N M =0, Vkel, A44
Hig (2 —v) % : (A4

where v € D. Then a necessary but not sufficient condition for (U, V) being local
minima of J,, is to satisfy and (AZ1). This concludes the proof. It is impor-
tant to remark that J,, (U, V) has more stationary points than what can be reached
through alternating minimization, however all points fulfilling Th.[81are stationary
points of J,,, (U,V). O
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A.3.2 Asymptotic Property of J,,

Proof (Theorem[82). As the cluster centers of V are assumed to be “nonsingular”
with respect to Z, i.e. dy > 0 for all (i,k) € I}® x ]IZIVZ, thus based on the optimality
of U,,, substitution of (A.39) into (8.9) implies, that for m > 1:

In(Un,V) = ;n]?x Zu,kdzk —]:nax Zulku,k Yy =
(S

d .
= max 3 : -

kel i (% !
ik lgl (dlk)
1—m
Ne 1
— max ( Z (dlk) 1—m> ,

keH[lVZ =1

holds as ¥ | tyx = 1. Now introduce

1/t
i ne
7wy = (Z (d,-k)’> : (A45)
i=1""¢
with T = llm' Then
In(UnV) =Tt (Ue1,V) = nd "max J(v), (A.46)
T T keH Z

Equation (A.43) is called the Hélder or generalized mean of dj;. Based on the
properties of the generalized mean in terms of 7, the following hold:

e Casem—1 & 7— — = J_gk)(V) — min;cpre {di} for all k € HIIVZ. Since

né’m — 1, the minimum over ]I'llC is unique for each k:

lim1 Jn (U, V) = max min{dy}. (A47)

keHNZ iell|®

o Casem=2 < 7=—1.Then J:(I?(V) is the harmonic mean of {d; }}, for each
kel}®, so
1 Ne
H(U,V)= max . (A.48)

n 1
e kel Xily g,

e Case m — o & 7 — 0. Then, the asymptotic convergence of the generalized
mean to the geometric mean yields: J_T(k)(V) = (I, d,-k)l/ oy (’)(ei), which
gives

1

I (Um,V)—nl mmax (Hd,k> +0(e™™), (A.49)

kel Nz
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1-m

¢ " — 0, therefore

and since n
lim J, (U, V) =0. (A.50)
A.3.3 h-Center Relation

Proof (Lemmal8.3). From Lemmal8.2l we obtain that for any K}, (e, rh,), there exists
a K (e,r), such that all z € K}, (en,rp) satisfies both

LT z—e|=r. (A.51)
1—z*ep
Straightforward calculus leads to
-1} 1— |en)?
o= 2rh en, T= Leh‘ JTh, (A.52)
l—rh\eh| l—rh|eh\
concluding that
1—12
h
e =@pep Where ¢n= e R. (A.53)
1 — 1y |ep|

A.3.4 K-Metric

Proof (Theorem[8.4). In order to prove that KM is a metric on D, the following 3
properties have to be verified for all x,y,z € D:

(i) Zero metricity: k1(x,x) = 0. By substitution:

0
1 [x/°

X—X

K1 (x,%x) = =0, VxeD. (A.54)

1—x*x

(ii) Symmetry: k1(x,y) = k1(y,%). Let x,y € D be arbitrary, then:

eyl -
M=y T = )|

(iii) Triangular inequality: i (x,y) < k1(2z,%) + ki (2,y). Assume that x,y € D
and z € Hyy (see Fig.[Adla). If x =y, then (iii) holds trivially as x(x,x) =
0 < 2x(z,x). Moreover, if z = x or z = y then (iii) holds with equality as
Ki(x,y) = ki(x,x) + Ki(x,y) = Ki(x,y) or ki(x,y) = ki (y,y) + Ki(x,y) =
k1(x,y). Now assume that x,y,z are distinct points. Define 2 = h,(x) and
§ = bz(y), where b is the h-inversion that maps z — 0. Then, b, (Hyy) =
Hiy is a segment of an Euclidian line, a diameter of J (dark grey line in

= x1(y,%). (A.55)



298

A Proofs
Alm
1
e -~\\\
7/ N\
/X .V N
// — v s\
N
I A
R
1\\ \ 2 E
B /
\ /
< X /
(N Pid
\\ﬁ_ _"
-i
(@) (b)

Fig. A.1 Inversion of h-lines and points proving the Triangular equality.

Fig. [A1la). Let H be the diameter line (also an h-line) bisecting the angle
between Hy; and the real axis. Then hy (%) = % and by (§) = § are points
of the real axis and by (Hzg) = Hzy C (—1,1) with 0 € Hzy (light grey line
in Fig.[Adla). As b ob, € D, then by Corollary 811 (iii) can be written as
K1 (%,¥) < x1(0,%)+x1(0,7). Assuming that X and § are ordered as 2 € (—1,0)
and § € (0,1), then

.
‘ NY‘N 7_i+§77
|1 — x|
y—x L
<§y-—x,
1+1x)5 =7
1 < 1+4[%]7,
0 < |%]§.

In the second part of the proof assume that z ¢ Hyy. Define h-circles
Kn1(%,Tn1) and Kypo(y,rn2) (dark grey circles in Fig. [Adlb) such that z €
Kn1,Knp. Note that x(z,x) = ry; and kj(z,y) = rpp. If max (ry),rh) <
K1 (x,y), then Knj N Hyy = % and Kpy N Hyy = § exist (light grey points in Fig.
[Adlb). Since %,z € Ky, therefore & (%,x) = K (z,x) and since ¥,z € Ky,
therefore K1 (§,y) = K1 (2,y). Moreover, ki (,%) > &1 (7,x) and &1 (7,y) >
K1 (%,y), otherwise K N Kn2 = 0. Then, ki (x,y) < k1 (%,%) + k1 (%, y), which
gives k1 (x,y) < Kk (z,x)+ &1 (§,y) implying (iii). If max (rp1,rn2) > &1 (%,5),
then either & ¢ Hyy or § ¢ Hyy. X ¢ Hyy means that the circle Ky, is containing
the circle Ky (%, k1(%,¥)), so ki (x,y) < rn; = ki (z,x). This implies that (iii)
holds. The case of § ¢ Hyy analogously follows. (]

A.3.5 h-Segment Worst-Case Distance

Proof (Theorem[83). Define & = by (), § = by (y) and Hzy = by (Hxy). As by (v) =
0, %1 (0,2) = |2| for all Z € Hgy. Moreover, b, keeps distances in the Kolmogorov
sense (Corollary[8.1)), therefore
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max K = max |Z]. A.56
ZEny ! (V’Z) 261‘1;;? |Z‘ ( )

In accordance to this, the most distant point of Hyy in the Euclidian sense from the
origin represents the furthest point of Hyy in the Kolmogorov sense from v. Based
on the Euclidian geometry:

max 12| = max (%], |§]) = max (x; (x,v), %1 (v,V)). (A.57)
Xy D

A.3.6 h-Disc Worst-Case Distance

Proof (Theorem [8.6). Define &, = by (en), then due to Lemma [B.6
by (Dn (en,th)) = Dp(én,Th). As bhy(v) = 0, thus k7(0,2) = |2| for every
% € Dy (&y,11h). Due to Corollary BTt

Z=arg max kj(v,z)="bhy(arg max |Z]). (A.58)
z€Dy (ep,rh) 2€Dy(8n,rp)

Assume that v = ey, then &, = 0 and b, (Dy, (en, 1)) is equal to the Euclidean disc
D(0,ry). Then

arg max |2 =K(0,ry), (A.59)
2eD(0.7y)

and Z = by (K (0,1p)) = Ki, (en,rn), i.e. all the perimeter points of Dy, (ep,rp), with

max K (v,z) = rp. (A.60)
z€Dy (en,h)

If v # ey, then due to Lemmal[83] &;, and the Euclidian center of Dy, (&,,1y,) are on
the same Euclidian line from the origin. Therefore, based on the Euclidian geometry:

f=by(arg max |2 (A.61)

2e{21.22}

where {21,2,} = E (0,%) N Ky (én,rn) with E (0, %), the Euclidian line connecting
the origin with &y. Furthermore,

max kj(v,z) = max(|2],|22]). (A.62)
2€Dy (ep,rh)

As by (E(0,£)) = Hye, the h-line connecting v with ey, therefore Hye, N
Kh (en,tn) = {hv (21),hv (22) }. u
A.3.7 Convexity

Proof (Theorem[8Z). Any conformal mapping in ID preserves convexity of subsets
of D [26]. As any be, with e € D, is a conformal mapping, therefore b preserves
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convexity of sets in D (convexity preservation in the KM sense). Let an arbitrary
h-segment Hyy be given. Then e = Hyy NH Lew)is the midpoint of Hyy and Hgy =
he ( xy) is the part of a diameter of ID. Then based on the convexity of Euclidian
lines, for any z,z; € Hzg and r € [0, 1] it holds that rz; + (1 — r)z, € Hgy. There-
fore convexity holds for Hyy in the KM sense. Furthermore, for any Dy (en,Th),
there exists an equivalent Euclidian disc D (e,r). Based on the convexity of Euclid-
ian discs, the convexity of Dy, (en,rp) is straightforward. O

A.3.8 Optimal Robust Partition

Proof (Theorem [8.8). Similar to the proof of Th. an alternating minimization
approach is utilized. First, fix V and define J,, (U) = J,,(U,V), for U € Z/I,ZXZ. Since
the minimization of J,, (U) does not depend on the actual computation of {dj},
therefore the first part of the proof deriving the condition is the same as
given for the proof of Th. BT with the exception, that in this case no singularity can
occur as dy. > 0 forall (i, j) € I{¢ x HIIV 2. See Sect.[8.3|for details. To establish (8:300),
fix U € U)= and define J, (V) = J,,(U,V). Minimization of J;,, (V) is decoupled for
each v;, therefore

i Jy I (V)= min ;relﬂaé Zu,kd,k = Z rgﬂl)r,}chf,)(V), (A.63)

— i=1

where JV,,(li>(V) = max, v, 1} dix, depending only on v;. As the elements of V are
1
degenerate to each other (decoupled) in the minimization of va(l,) (V), the minimizer

of f,ﬁp is obtained as

v; = argmin max max WyK(v;,zk). (A.64)
v;eD kEHNz €2y

Optimization (A.64) can be formulated as a QCs’ constrained minimization prob-
lem. Denote

¥ =J(V) = max piidy, (A.65)
kEH

then the solution of (A.64) can be obtained by solving

minimize ¥ > 0,

subjectto  uf! ’ g
veD.

<7y, VkeT™ VzeZ

Moreover, the constraints of the minimization can be rewritten for each k as (A.43al-
b). The same holds for the h-discs induced constraints. From the Schur-complement
it follows that (A.433) holds iff is fulfilled and the h-disc coverage induced
constraints hold iff (8.33) is fulfilled. Then a necessary but not sufficient condition
for (U,V) being a local minimum of J,, is to satisfy and (8:30D). O
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A.4 Proofs of Chapter 9]

A.4.1 Representation of Dynamic Dependence

Proof (Property [0.1). Let S be an asymptotically stable SISO LPV system
and (D;’l; C RH,- (E) be a Hambo basis. Consider an asymptotically stable
Wiener-feedback model mwp(qb,;’g, 0,8Bp) of S. The deterministic part F(q, 6) of
Mwr(Pye, 6, Bp) has the representation:

¥ij = 0;(9)Gi(q)u — ¢;(q)Gh(q) i (p)i, (A.662)
ne g

y = apo(plu+ Y, Y wi(p)¥ij, (A.66b)
i=0j=1

where w,-j,vi j € Rl are meromorphic coefficients with static dependence. As
Mwr(D,0,Bp) is asymptotically stable, (A.66a-b) has a convergent series ex-
pansion in terms of @, (see Th.[52). By substituting (A into ( recur-
sively, this series expanswn can be derlved as follows:

v = un(plict 3 3o (p)o,(@)Ga)
i=0j=1
-3 oG @) (D@t A6

Consider ¢;(q)Gi(q)w;(p). In this term, ¢;(q)Gi(q) is a stable LTI filter, hence
there exist polynomials Ry, R, € R[£] such that

$;(q)Gh(q) = (A.68)

where the polynomlal ¢"R2(g™") in g is monic for n = Deg(R,(gq)). Then due the
stability of (A.68), there exists a 9;; € R such that

R -1
R;E?I_I; ”Uij(P)

I
M

(I_RZ(q )) Rl(q )’”l](p)

T
<)

Ri(q™")

(yop) (1 =Rala™) Rala™) = (@rop) ) o).

I
Ms

~
Il
o

If 9;; € R, i.e. v;; is a constant, then 9;; = v;;, otherwise 7;; has dynamic dependence
on p due to the shift operation (see Def. B.16). Then in (A.67), the terms in the
second summation reads as

wij(P)8;(a)Gy(a) 2 (P)9; () Giy(@)u = wij(p) (3 © )97 ()G (@)u.  (A.69)
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For this expression it holds true that q)jz(q)G%i can be written a finite sum of

{¢T(q)G{J}lT=:()1’;::j?,f;1. Then by considering all summation terms in (A.67)) in analogy
with the previous manipulations, (A.67) reads as

o Ng

y=apo(p)u+ Y, Y (@;op)9;(q)Gy(q)u, (A.70)
i=0 j=1

where @;; € R. Itis obvious that in w;j = w;j for i < ne and @;; for i > ne has
static dependence on p iff each v;; is constant in Emwp(di,'l’ge, 0,%Bp). This concludes
the proof in the WF-LPV OBF case. With respect to HF-LPV OBF models, the
proof follows similarly. (]
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